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Abstract  
Natural bone has a complex hierarchical structure in which well-organized collagen fibrils are 
reinforced by apatite nano crystals.  Inspired by bone, biomimetic collagen-apatite (Col-Ap) 
materials such as Col-Ap composite coatings and 3-D porous Col-Ap scaffold have been 
developed to enhance osteointegration between implant and host bone and facilitate bone repair 
and regeneration, respectively.   
First, a bioactive Col-Ap composite coating was created on Ti6Al4V surface using a collagen-
containing modified simulated body fluid (m-SBF).  The coating achieved was a composite of 
bone-like carbonated apatite and collagen type I.  The coating composition and morphology 
could be tailored by carefully adjusting the collagen concentration in m-SBF.  In vitro cell 
culture study shows that addition of collagen promotes osteoblast activities, which may lead to 
early bone formation.   
Second, biomimetic Col-Ap composite scaffold was prepared using freeze-drying technique.  
The scaffolds created have tunable structures and compositions suitable for different tissue repair 
and regeneration applications.  The scaffolds are comprised of hierarchically organized collagen  
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fibers and poorly crystalline apatite nanoparticles mimicking the microstructure of natural bone.  
At the macrostructure level, the Col-Ap scaffolds with either an isotropic equiaxed structure or a 
unidirectional lamellar structure have been successfully prepared by controllable freeze casting.  
The pore size of both scaffold types can be easily adjusted.   
Third, a unique multi-level lamellar scaffold consisting of co-aligned micro- and macro- pores 
has been developed by freeze-drying a mineralized collagen hydrogel.  The scaffold preserves 
the interconnected network-structure of the hydrogel and superior tensile properties of the 
collagen fibers.  This group of novel scaffolds has been found to have bone-like morphology, 
adjustable structure, improved mechanical strength and good biocompatibility. 
In summary, a methodology has been successfully developed for preparation of biomimetic 
composites with both micro- and macro- structures precisely controlled to meet different 
requirements in bone tissue engineering applications.    
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1. Introduction 
1.1 Background 
There are more than one million cases reported on bone losses in the USA due to trauma, disease 
or aging every year [1].  Autograft, harvested from the patients’ own bone, has been regarded as 
the gold standard to replace the lost bone.  It contains growth factors for osteoinduction and 
progenitor cells for osteogenesis.  However, its major restrictions lie in its limited availability 
and donor sites morbidity [2].  Allograft, taken from cadaveric sources, is an alternative to 
autograft.  It eliminates the potential infections associated with second surgeries and is 
commercially available, but has problems of disease transmission and poor integration with 
recipient tissue [3-5].  Bone tissue engineering (BTE) has emerged as one of the most promising 
strategies to restore or regenerate bone function by manipulating cells, scaffolds and stimuli [6-
9].  Scaffolds play an important role in the BTE.  An ideal scaffold needs to be osteoconductive 
to encourage cell attachment, proliferation and differentiation and osteoinductive to induce new 
bone formation.  It should also provide the required mechanical support during bone repair and 
regeneration while possessing interconnected porosity with optimal pore size for bone ingrowth.  
Further, an ideal scaffold should be bioresorbable, and its degradation rate should match that of 
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the regeneration rate of the new bone [10].  Although significant progresses have been made in 
recent years in the development of novel bone tissue engineering scaffolds, it remains a 
challenge to form an ideal scaffold satisfying all the requirements for bone repair [11-14]. 
Inspired by natural bone, a composite of collagen and apatite (Col-Ap) mimicking the 
composition and hierarchical structure of the extracellular matrix (ECM) of bone tissue has 
attracted much attention from the bone tissue engineering community.  On one hand, apatite 
exhibits good biocompatibility, osteoconductivity and bone-bonding ability.  It has been used as 
scaffolds or coatings for polymer and metal substrates for bone repair or replacement.  However, 
the degradation rate of apatite is too slow compared with the bone forming rate [15].  In addition, 
the inherited brittleness of apatite limits its usefulness in load-bearing applications [16].  On the 
other hand, collagen is the most abundant protein in extracellular matrix, which is chemotactic to 
fibroblasts.  It shows high affinity to cells and good resorbability in vivo.  Unfortunately, the 
poor mechanical properties and fast degradation rate of collagen have limited its applications as a 
scaffold for bone regeneration [17-20].  Therefore, great efforts have been made to develop Col-
Ap composites resembling mineralized collagen fibrils in natural bone compositionally and 
structurally. 
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1.2 Hierarchical structure of natural bone  
Natural bone has a highly complex hierarchical structure [21, 22].  Weiner and Wagner identified 
seven levels of organization in bone ranging from nanometer to millimeter scale, as illustrated in 
Figure 1.1 [22].  In this model, mineralized collagen fibril is regarded as the basic building block 
for subsequent higher order organization (Figure 1.2).  The primary level consists of major 
molecular components, including water, hydroxyapatite (HA), collagen and non-collagenous 
proteins (NCPs).  Collagen is the most abundant protein and the major component of 
extracellular matrix.  Collagen molecule is a triple-helical structure.  The HA in bone is 
nonstoichiometric carbonated apatite with low crystallinity and nanometer dimensions.  The 
second level is mineralized collagen fibrils, which are further organized into an ordered array 
(level 3).  Parallel collagen molecules are displaced by about 67 nm along the fibril length and 
the gap zone, which is defined as the gap between the two adjacent ends of the collagen fibrils 
along the same line, is 40 nm in length.  Although some HA crystals are present between the 
collagen fibrils, the HA crystals are located mainly within the periodic gap zone between 
collagen fibrils [23].  The crystallographic c-axis of the plate-like HA is aligned along the fibril 
long axis.  Mineralized collagen fibrils are assembled into various fibril bundles as shown in 
level 4.  At level 5, osteons are comprised of stacked lamellae where collagen fibrils run helically 
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around the central canal [24].  Osteons then form into cortical compact bone.  Level 6 is the 
dense compact bone and porous cancellous bone, and level 7 is the overall macrostructure of 
bone in human body [3].  
 
Figure 1.1 The seven hierarchical levels of bone organization [22]. 
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Figure 1.2 Mineralized collagen fibril arrangement in natural bone (not drawn to scale). The 
image is redrawn based on TEM image reported by Landies et al. [23]. 
1.2 Biomimetic approach to form Col-Ap composites 
Col-Ap composites mimicking the hierarchical structure of bone have attracted the attention of 
many researchers [25-29].  Initially, the composites are fabricated by physically mixing pre-
synthesized apatite particles with collagen fibers.  Despite increased stiffness, such formed 
scaffolds do not possess the hierarchically mineralized structure as demonstrated in natural bone.   
Biomimetic fabrication technique is designed to fabricate a macroporous structure by self-
assembly of molecules mimicking the natural process.  The biomimetic approach provides us the 
flexibility to tailor the microstructure and dimension of the resulting collagen fibers and apatite 
precipitates from the nanometer scale to the millimeter level.  It also allows the reduction or 
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completely elimination of processing steps that may cause contaminations [30-32].  Thus, the 
biomimetic approach may result in a promising design of Col-Ap composites resembling bone in 
both composition and structure.  
In the last decade, Kikuchi et al. developed a biomimetic Col-Ap composite scaffold by co-
precipitation of collagen and apatite in a solution containing H3PO4 and Ca(OH)2 at a controlled 
pH and temperature [33-36].  Since then, the co-precipitation approach has been widely adopted 
by many researchers.  By adjusting the pH value and temperature, the collagen fibril assembly 
and the in-situ formation of nanocrystalline apatite occurred simultaneously [37-53].  Collagen 
triple helices self-assembled into fibrils (Figure 1.2).  The carboxyl groups on the collagen 
molecules might have offered nucleation sites for HA, which induced HA crystals nucleation and 
growth on the surface of collagen fibrils.  As a result, the c-axis of the HA crystals is aligned 
along the long axis of the collagen fibrils (as shown in Figure 1.3), which is similar to the apatite 
and collagen arrangement in natural bone [33, 52].  Cui et al. prepared Col-Ap precipitates 
consisting of collagen and carbonate-substituted nano-HA by simultaneous titration of CaCl2 and 
H3PO4 into a collagen solution [42].  It was revealed that the collagen molecule plays an active 
role at the initial biomineralization stage [47].  In addition, Lynn et al. reported a titration-free 
co-precipitation approach which accurately controlled the chemical composition of the 
  
7 
composite with the HA content in the range 0-80 wt% [48-50].  The crystallographic structure of 
the resulting apatite is greatly affected by temperature and pH changes and the amount of CO32- 
incorporated, but these parameters can be carefully controlled to achieve a desired apatite crystal 
structure [51, 54].   
                                          
Figure 1.3 (a) Mineralized collagen fibrils.  Insert is the selected area of an electron diffraction 
pattern of the mineralized collagen fibrils.  The (002) diffraction plane is arc-shaped, indicating 
the alignment of the HA particles within the collagen fibrils.  (b) Hierarchical structure of Col-
Ap composites.  HA crystals grow on the surface of collagen fibrils with their c-axes along the 
longitudinal axis of the collagen fibrils [52]. 
Recently, Qu et al. developed a new co-precipitation process to mineralize self-assembled 
collagen fibers to form Col-Ap composites [55-58].  This method is based on the conventional 
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co-precipitation approach described above except that modified-simulated body fluid (m-SBF) 
was used as the calcium and phosphate sources.  SBF is a solution that has inorganic ion 
concentrations similar to those of human blood plasma [59].  In recent years, SBF with higher 
calcium and phosphate concentrations have been employed to expedite apatite formation on 
various substrates [60-62].  For example, Qu et al. developed a m-SBF solution with calcium and 
phosphate ion concentrations three times as high as those in the original SBF, which induced 
apatite deposition within 24 hours of immersion of the sample [60].  Compared to conventional 
co-precipitation process, this method is simple and easy to operate.  Poorly crystallined, 
carbonated HA similar to that in nature bone is formed by simply controlling the initial pH of the 
solution [60].  In addition, hydrogen carbonate in the m-SBF, known as the apatite crystal growth 
inhibitor, delays the apatite growth and stabilizes apatite nano-clusters in the spaces between 
collagen fibrils [63].  As a result, collagen self-assembly occurred synchronously with the in situ 
precipitation of apatite crystals.  Moreover, growth factors or drugs can be easily incorporated 
into the scaffold by simply adding them to m-SBF and subsequently co-precipitated with 
collagen and apatite.  Such incorporated agents would demonstrate a sustained release profile 
compared with those added directly to the surface of the composite.  
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The SBF approach has also been utilized as a top-down method to design Col-Ap composites by 
forming an apatite coating on reconstituted collagen scaffolds [64-70]. Al-Muajjed et al. 
developed a biomimetic Col-Ap scaffold by immersing a collagen scaffold in the SBF solution.  
Homogenous distribution of apatite was observed, which led to improvement in the mechanical 
properties and in vitro biological performances of the scaffold [65, 66].   
1.3 Freeze casting 
In bone tissue engineering, scaffolds serve as a carrier for cells and chemical stimuli (e.g. drugs 
and growth factors).  The osteogenic outcome of scaffold is not only determined by the chemical 
composition and microstructure but also related to the 3-D macro-porous structure of the 
scaffold.  The pore structure in terms of pore size and pore interconnectivity greatly affects the 
cellular behavior and osteogenesis during vascularization [92-97].  A 3-D porous structure with 
suitable pore size is required to facilitate cell attachment, proliferation and migration.  It has been 
found that a scaffold with pore size greater than 1000 !m may not provide a high enough surface 
area for cells to attach, whereas pore size smaller than 50 !m may impede cell migration and 
long-term vascular ingrowth [92, 96, 98].  Although there is little consensus about the ideal pore 
size, pore size in the range 100-500 !m is believed to be suitable for bone ingrowth [93, 94].  
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Therefore, various techniques have been employed to process mineralized collagen fibrils into a 
3-D scaffold with a defined pore structure and pore size.  Emerging techniques include thermally 
induced phase separation, solvent casting and particle leaching, solid freeform fabrication, 
electro-spinning and micro-patterning [27, 99-105].  Freeze casting, a process that uses water as 
a template, is probably the most widely used technique to fabricate highly porous Col-Ap 
scaffolds for bone tissue engineering [106].  This process consists of a process of freezing a 
suspension of water-solute and subsequent sublimation of ice under vacuum condition leaving 
behind a 3-D porous structure created by ice.  This process is environmental benign which does 
not involve the use of any toxic solvents or additives.  Scaffolds with complex pore orientations 
and pore sizes are produced from this technique by creating desired temperature gradients using 
carefully designed mold configurations and freezing conditions [107, 108].  This technique 
renders scaffolds with a high degree of pore interconnectivity, high surface area, and tailored 
pore size in a wide range 50-1000 !m [48].  
1.3.1 Mechanisms of freeze casting 
The porous structure of scaffold after freeze/freeze drying is a replica of ice. Therefore, 
formation of such a structure depends largely on the physics of ice crystal growth and the 
interaction between ice front and composites in the colloidal suspension [109-111].  The growth 
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of hexagonal ice is kinetically in favor of the direction perpendicular to the c-axis, varying over 
two to three orders of magnitudes [112, 113].  By applying a high temperature gradient, an 
anisotropic porous structure with elongated pores aligned along the freezing direction can be 
created.  The development of ice front at the interface of liquid and solid is analyzed based on a 
steady-state freezing regime as shown in Figure 1.4 [114].  When a suspension is frozen, ice 
crystals grow and the solid (in the case of Col-Ap scaffold, it is collagen fibers and apatite 
particles) is pushed laterally into the space between ice crystals.  A concentration gradient is thus 
built up at the liquid-solid interface.  The increased solid concentration suppresses the freezing 
temperature at the liquid-solid interface, leading to constitutional supercooling where the actual 
temperature is below its freezing temperature as illustrated in Figure 1.4 b.  The ice crystal size is 
largely determined by the degree of constitutional supercooling that is in turn controlled by the 
freezing rate for a given suspension.  At a fast freezing rate, the supercooling is enhanced and 
therefore the ice tip radius decreases.  As a result, a scaffold with smaller pores is formed [107, 
114, 115].  In contrast, scaffold with larger pores is created when the freezing rate is low. 
The morphology of the scaffold is also greatly affected by the slurry property, such as the 
particle size, solid concentration, the interaction between particles, the interfacial energy between 
the particle and the surrounding water [112].  For example, smaller particles are easier to be 
  
12 
expelled from the ice front, leading to lower degree of constitutional supercooling [106].  
Consequently, larger pores are formed in the freeze-dried scaffold comprised of smaller particles.  
With the increase of polymer or ceramic concentration in the suspension, pore size of the 
scaffold decreases.  The freezing point of pure water is 0 ºC.  The freezing temperature is 
depressed with the increase of solid concentration.  As a result, the degree of supercooling 
increases with the solid concentration, and the resulting scaffold has relatively smaller pores 
[116].  
Figure 1.4 (a) Schematic illustration of the ice front movement in a directional freezing process.  
(b) Sample position versus freezing temperature indicating the constitutional supercooling profile 
at the solid-liquid interface. 
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1.3.2 Effect of freezing regimes on the microstructure of the scaffold 
The freezing regimes have a crucial effect on the formation of a porous structure.  Bone scaffolds 
with an isotropic equiaxed structure and a unidirectional lamellar structure have been prepared 
under two different freezing regimes.  An isotropic structure is formed when the temperature 
gradient is minimal [40, 95, 117, 118].  In contrast, an anisotropic structure with aligned pores is 
created when the temperature gradient is increased [38, 119, 120].                              
Under a non-directional freezing condition, an equiaxed, isotropic scaffold is formed.  Non-
directional freezing is achieved by slowly cooling the suspension in a uniform cold atmosphere.  
As the temperature is almost identical throughout the entire suspension during non-directional 
freezing, the heat extraction rate is mainly determined by the temperature of the cold 
environment [121].  Lowering the temperature of the cold environment leads to smaller pore size 
of the scaffold [117, 121, 122]. 
An isotropic, porous structure can be prepared by unidirectional freezing the suspension [112, 
119, 123, 124].  Unidirectional freezing can be achieved by placing the suspension on a cold 
figure where the temperature gradient is controlled from the bottom to the top [125].  The rate of 
ice crystal growth depends on the heat extraction rate, which in turn determines the inter-laminae 
distance of the lamellar scaffold.  For a given system, the heat transfer efficiency is reflected by 
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the freezing rate.  The relationship between the freezing velocity (!) in the direction paralleled to 
the temperature gradient in water-based slurries and inter-lamellae distance (") of the scaffold is 
described by a power law relationship (!  "-n), n is related to the particle size [126]. 
1.4 Biomimetic Col-Ap scaffolds for bone tissue engineering applications 
A composite of collagen and apatite mimicking the composition of natural bone has 
demonstrated great potential in bone tissue engineering application.  Table 1.1 summarizes 
commercial Col-Ap composites on the market for bone repair.  The osteconductive performance 
of these scaffolds is improved by incorporating calcium phosphate nano-particles in the scaffolds 
as demonstrated in Vitoss® (Orthovita).  Further, the osteogenic and osteoinductive properties of 
these scaffold are enhanced greatly by coating the scaffolds with growth factors.  For example, 
synthetic scaffolds, such as CopiOs® (Zimmer) and Master Graft® Matrix (Medtronic Spinal & 
Biologics), are coated with osteoinductive growth factors including bone morphogenic protein 
(BMP) and vascular endothelial growth factor (VEGF) to promote the scaffold osteogenic and 
osteoinductive performances [127].  
The bone forming capability of biomimetic Col-Ap scaffolds have been evaluated in vivo and the 
results are summarized in Table 1.2.  It has been revealed that Col-Ap scaffolds prepared by the 
conventional co-precipitation approach could induce new bone formation in a number of animal 
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models.  The composition and microstructure of the Col-Ap scaffolds have an important impact 
on the new bone regeneration rate and the structure of newly formed bone.  Yunoki et al. found 
that the content and distribution of mineral phase greatly affected the in vivo bone formation in 
the scaffold [29, 40].  With an increase in apatite content, the mechanical strength of Col-Ap 
scaffolds was enhanced while the in vivo absorbability decreased [29].  In addition, more 
homogeneous distribution of the apatite particles within the collagen matrix led to better bone 
defect repair [40].  
The macro-porous structure in terms of pore size and pore shape of the scaffold also play 
important roles in bone tissue ingrowth as they affect bone cell attachment and migration as well 
as transportation of nutritious and metabolic waste.  Yunoki et al. reported that unidirectional 
pores promoted the ingrowth of surrounding tissues faster than randomly oriented pores [38]. 
Although the osteoconductivity and osteointegration of scaffolds can be possibly improved by 
varying the composition, and the micro- and macro-structure, the osteoinductivity of scaffold is 
mainly provided by cells or growth factors or a combination of both.  Therefore, extensive 
studies have been conducted on the development and optimization of approaches to incorporate 
and deliver growth factors or to inoculate cells into scaffolds.  Different growth factors have 
been incorporated into Col-Ap scaffolds with an aim to improve the healing of the defect within 
  
16 
a relatively short period of time [36, 69].  The biomimetic method is more advantageous over 
conventional emulsion-based methods since it avoids the introduction of any organic solvent.  
Therefore, it effectively avoids any denaturation and aggregation at the interface between 
organic and inorganic surface [128].  Bone morphogenetic protein 2, BMP-2, is often used in 
combination with collagen scaffolds by either physical or non-physical attachment to the surface 
or entrapment within the scaffold.  For example, INFUSE Bone GraftTM (Medtronic Sofamor 
Danek) is a commercial scaffold used for spinal fusion where BMP-02 is directly added to an 
absorbable collagen scaffold [127].  However, the fast release rate of the growth factor hindered 
the construct from being used as an effective bone substitute.  To address this problem, Yang et 
al. developed an apatite coating by incubating collagen scaffold in SBF [69].  The BMP-2 
solution was added to the surface of the scaffold, and it attached to the scaffold via 
physicochemical and electrostatic interactions between the protein and apatite crystals.  It was 
found that the apatite coating on collagen scaffold effectively slowed down the BMP-2 release 
and greatly enhanced osteogenic efficiency.  In addition, VEGF is considered to be a key factor 
to promote angiogenesis, and hence bone formation, by stimulating endothelia cells in the tissue 
[129].  A local delivery of VEGF in Col-Ap scaffold resulted in more new bone formation at the 
defect site compared to the control scaffold without VEGF [130].  Besides growth factors such as 
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BMP-2 and VEGF, platelet-rich plasma has also been incorporated into collagen-based scaffolds, 
as it contains numerous growth factors and cytokines [126].  It may offer an inexpensive and 
minimally invasive way to enhance tissue healing.  Unfortunately, the addition of platelet-rich 
plasma did not enhance the osteochondral regeneration capability of the Col-Ap scaffold [131].  
Progenitor cells have also been loaded into scaffolds to repair and regenerate bone tissue.  
Mesenchymal stem cells (MSCs) have been widely used because they have the capability to 
differentiate into diverse cell lineages, thereby inducing tissues such as bone and cartilage 
formation.  It has been reported that rat MSC loaded scaffolds exhibited significantly better 
osteogenesis than scaffold only [132].  
Current Col-Ap scaffolds for bone regeneration are mainly fabricated by simply mixing HA with 
collagen or using a conventional co-precipitation method.  A new generation of Col-Ap scaffolds 
prepared using biomimetic method most closely resembles the structure of natural bone might 
lead to improved biocompatibility both in vitro and in vivo.   
In summary, bone tissue engineering that involves a combination of scaffold, cells and biological 
signals has attracted widespread attention and has proved a promising approach for the repair and 
regeneration of damaged bone.  In this process, the architecture and geometry of scaffolds and 
progenitor cell sources play critical roles in directing new bone formation.  An artificial 
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collagen-apatite scaffold mimicking the composition and hierarchical structure of natural bone 
has demonstrated great potential in bone tissue engineering, but more studies need to be 
performed before they can play a critical effective role in bone tissue engineering. 
 
 Name (Company) 
Fabrication method and composition 
(weight percent) 
Pore structure 
(pore shape, pore size, 
porosity) 
Reference 
Healos® 
(Depuy Spine Inc) 
apatite-coated collagen matrix, freeze 
casting 
Random, 5-200 µm, 98% [136] 
Collagraft 
(zimmer Inc) 
A mixture of 65% HA + 35% !-TCP + 
collagen, freeze casting 
300-700 µm, 70% [137], [138] 
CopiOs® 
(zimmer Inc) 
Dibasic calcium phosphate + collagen 
Random, porous, 5-1000 µm, 
93% 
[139] 
Integra MozaikTM 
(Integra Orthobiologics) 
80% highly purified 
!-TCP + 20% collagen 
Strip and putty [140] 
Master Graft® 
(Medtronic Spinal & Biologics) 
15% HA + 75% !-TCP + collagen Porous [141] 
Vitoss® 
(Orthovita) 
100% !-TCP and 
80% !-TCP + 20% collagen 
and 70% !-TCP + 20% 
collagen + 10%bioactive glass 
Putty, strip, matrix (Pore size 
1 µm ~ 1mm) 
[139] 
 
Table 1.1 Commercial Col-Ap scaffolds 
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Materials 
Fabrication 
method and 
composition 
(weight percent) 
Pore structure 
(pore shape, 
pore size, 
porosity) 
Animal model Implantation time and results Reference 
Col-Ap 
Co-precipitation, 
compressed under 
uniaxial pressure, 
80% HA. 
Dense structure 
 
Beagle tibiae 
 
12 weeks.  Newly formed bone filled the 
defect in 8 weeks. 
 
[33, 35] 
Col-Ap 
with/without 
BMP-2, 
with/without 
crosslinking 
Dense structure Dog tibiae 
24 weeks.  Enhanced bone formation was 
found in cross-linked Col-Ap scaffold 
combined with rhBMP-2. 
[36] 
Col-Ap 
with/without 
crosslinking 
Dense structure 
White rabbit 
tibia 
4 weeks.  The resorption rate in vivo was 
reduced when the concentration of 
crosslinking reagents increased.  
[35] 
Col-Ap 
Co-precipitation, 
HA mixed with 
collagen; 
freeze casting; 
80% HA 
Random, 
porous 
structure 
Bilateral 
mandibular 
fracture model in 
New Zealand 
rabbits 
1 month. More new bone formation in 
scaffold prepared by mixing HA with 
collagen. 
[40] 
Col-Ap 
Co-precipitation; 
freeze casting; 
Unidirectional, 
Lamellar 
Subcutaneous 
implantation in 
Tissue ingrowth in 2 weeks, unidirectional 
pores promoted tissue ingrowth compared to 
[38] 
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80.5% HA spacing: 20-40 
μm; random, 
pore size: 200-
500 μm, 95% 
male rats random oriented pores  
Col-Ap 
Co-precipitation, 
freeze casting, 
80% HA 
Random, 200-
500 μm, 95% Rat femur  
4 weeks. New bone formation occurred 
without inflammatory response  
[46] 
Col-Ap 
HA mixed with 
collagen, 
freeze casting, 20-
80% HA 
Random, 70-
130 μm, 85-
95% 
Rabbit femur 
3 weeks. New bone formation occurred, 
absorption rate decreased with the increased 
in composite density 
[29] 
Col-Ap 
Co-precipitation, 
freeze casting, 
80% HA 
Random, 
porous 
structure 
Rat back muscle 
8 weeks.   Implant absorption and new bone 
formation were gamma-ray irradiation dose-
dependent at early time points.  
[142] 
Col-Ap 
with/without 
BMP-2 
Commercial 
collagen scaffold 
coated with apatite 
using SBF, HA 
content unknown 
Random, 
porous 
structure 
Two-hole mouse 
calvarial model 
8 weeks.  Most new bone formation in 
defects implanted with Col-Ap/BMP-2  
[69] 
Collagen/carbonate 
apatite + BMP-2 
with HA frame 
(mechanical 
support) 
Carbonate apatite 
mixed with 
collagen, Freeze 
casting, 70% HA 
Random, 50-
300 μm, 73% 
Rat 
periosteumcranii 
4 weeks.  Accelerated new bone formation in 
scaffold with BMP2. 
[143] 
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Col-Ap with 
BMSC,  
Col-Ap 
with/without 
platelet-rich 
plasma 
Three layer 
structure: collagen, 
collagen (60%) 
and MgHA (40%); 
collagen (30%) 
and MgHA (70%). 
Co-precipitation, 
freeze casting. 
 
Subcutaneously 
on the back of 
mice  
Sheep femoral 
condyle 
Scaffolds with BMSC induced new bone 
formation after 8 weeks.  
Better bone regeneration and osteochondral 
repair were found in the scaffold alone 
compared to platelet-rich plasma + scaffold. 
[135] 
[131] 
Col-Ap 
with/without FGF-
2 
Co-precipitation, 
freeze casting, 
80% HA 
Random, 100-
500 μm, 95% 
Rabbit 
osteochondral 
defect model 
24 weeks.  Most abundant bone formation 
and cartilage regeneration in scaffolds + 
FGF-2 after 6 months.  
[144] 
 
Table 1.2 In vivo evaluations of biomimetic Col-Ap scaffolds 
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2. Biomimetic collagen-apatite coating formation on Ti6Al4V substrates 
2.1 Background 
Titanium and Ti6Al4V have been widely used in orthopedics and dentistry because of 
their excellent mechanical properties, biocompatibility and corrosion resistance [1-4].  
Formation of a bioactive coating on the surface of implants takes advantage of the 
superior mechanical strength of the metallic substrate and the excellent cell-signaling 
property of the coating, which may result in improved bone-implant contact and bone 
regeneration [5-7].  HA and collagen, two main components in bone, have been applied 
onto the surface of implants to modulate biological interactions at tissue/implant 
interfaces.  Apatite coating has been proved to be superior to bare substrates with 
promoted osteoconductivity and cell affinity [8-11].  Collagen type I, the main 
composition of extracellular matrix (ECM) protein of bone tissue, is effective in 
accelerating cellular adhesion and spreading, promoting cell proliferation and enhancing 
osteopontin expression [12-15].  In vivo studies indicated that collagen type I coating 
enhanced bone-implant contact and bone remodeling compared with bare substrates, the 
control [16]. 
Inspired by the structure of natural bone, a composite coating of collagen and apatite has 
attracted much attention of researchers due to its great potential in bone repair and 
regeneration.  While extensive effort has been made in preparing pure apatite or pure 
collagen coatings, there have only been a few reports on the preparation of 
collagen/apatite composite coatings.  One difficulty lies in the thermal sensitivity of 
protein which makes some conventional methods for producing apatite coatings, such as 
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plasma spraying, impractical for fabricating the composite coating due to high operation 
temperatures [7-8].   
Only in recent years, researchers have managed to fabricate Col-Ap composite coatings 
using different techniques, such as spin coating [17], electrophoretic deposition [18-21], 
electrospray deposition [22] and biomimetic process [23-30].  Among them, biomimetic 
process has attracted substantial attention due to its low cost, easy operation and 
formation of bone-like apatite at low operating temperatures [24].  Biomimetic Col-Ap 
composite coating was deposited onto the surface of PLLA scaffold using an accelerated 
biomimetic process [26].  The composite coating was proved to be more effective in 
enhancing the proliferation and differentiation of osteoblast-like cells than pure apatite 
coating, as type-I collagen in the coating up-regulated integrin expression and focal 
adhesion [28].  In another study, the composite coating was deposited onto NiTi shape 
memory alloy (SMA) by soaking the substrate in collagen-containing SBF for 4 days [29, 
30].  Despite of the success of these studies in preparing composite coatings, to the best 
of our knowledge, the bonding strength of most of Col-Ap composite coatings is poor.  In 
addition, the mechanism of biomimetic Col-Ap coating formation is still unclear, and 
consequently the control over the coating property is hard to achieve. 
Thus, the aim of the current research is to prepare high-quality biomimetic Col-Ap 
composite coatings with tailored surface morphologies and compositions.  In this study, 
UV irradiation was employed to treat the metal substrate to create a hydrophilic clean 
surface, which in turn contributed to the induction of the composite coating formation on 
Ti6Al4V [31-33].  The bonding strength between the composite coating and the treated 
titanium substrate was examined, and the results were compared with the pure apatite 
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coating.  Finally, the mechanisms of Col-Ap formation on the treated titanium alloy discs 
were investigated, and the role of collagen in biomimetic composite coating formation 
was clarified.  
2.2 Materials and methods 
2.2.1 Biomimetic coating preparation 
Ti6Al4V discs with a thickness of 2 mm were cut from a long Ti6Al4V bar with a 
diameter of 15 mm.  These discs were sandblasted and acid etched as described 
elsewhere [2].  Briefly, the discs were prepared by sandblasting with 46 grit SiC at a 
pressure of 40 psi for 10 s, followed by acid-etching with a mix solution of 15 wt% HCl 
and 10 wt% HNO3 and then in a hot acid mixture of 2.5 wt% HCl and 23 wt% H2SO4 for 
5 min.  The discs were then exposed to UV irradiation at a wavelength of 254.8 nm for 8 
h. 
Three m-SBF solutions with different collagen contents were prepared, and the ion 
concentration of each solution is listed in Table 2.1 [34, 35].  Pure apatite coating was 
used as a control, which was prepared using a collagen-free m-SBF solution.  The Ca2+ 
and HPO42- concentrations of the solution were adjusted to 7.5 and 3 mM, respectively.  
Based on the protocol by Rajan et al., type I collagen was extracted from rat tails and 
freeze-dried [36].  Such obtained collagen was dissolved in 0.02 M acetic acid at 4ºC, and 
its concentration in m-SBF was adjusted to 0.03g/L and 0.2g/L, respectively.  The final 
attained composite coatings were designated as 0.03col/apatite and 0.2col/apatite, 
respectively.  During the coating process, urea with a concentration of 0.5 M was also 
added to m-SBF to delay the collagen gelation process [37].  The pH of the m-SBF 
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solution was adjusted by addition of HEPES (4-(2-hydroxyapatiteethyl)-1-
piperazineethanesulfonic acid) and NaOH.  After soaking in m-SBF at 40ºC for 24 h, the 
samples were removed from the solution, rinsed with deionized water and dried in a 
humid atmosphere.  Besides the pure apatite coating, pure collagen coating was also 
prepared as a second control.  The collagen coating was prepared by a two-step coating 
process.  A thin apatite pre-coating was formed on Ti6Al4V in m-SBF for 4 h to act as 
nucleation sites for collagen fibers.  After that, the discs were sonicated in DI water for 
15 min and then soaked in a collagen solution with a concentration of 0.2 g/L for 24 h.   
Ion 
Concentration (mM) 
Blood plasma 
m-SBF m-SBF with collagen 
Apatite 0.03col/apatite 0.2col/apatite 
Na+ 142.0 109.5 109.5 109.5 
K+ 5.0 6.0 6.0 6.0 
Mg2+ 1.5 1.5 1.5 1.5 
Ca2+ 2.5 7.5 7.5 7.5 
Cl- 103.0 110.0 110.0 110.0 
HCO3- 27 17.5 17.5 17.5 
HPO42- 1.0 3.0 3.0 3.0 
SO42- 0.5 0 0 0 
Urea - - 500 500 
Collagen - - 0.03 g/L 0.2 g/L 
Table 2.1 Ion concentrations (mM) of human blood plasma and solutions for preparing 
different coatings 
To investigate the kinetics of composite coating formation in m-SBF at different collagen 
concentrations, the pH change of solutions was recorded every 30 min for 24 h using a 
pH meter (Fisher Scientific, Pittsburgh, PA).  Twenty four discs from each group (apatite 
coating, 0.03col/apatite, 0.2col/apatite) were soaked in corresponding m-SBF solutions at 
40ºC for different time intervals.  Two discs were removed from the solution every hour, 
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rinsed with deionized water, and dried in a humid atmosphere to study the coating 
formation with time.  
2.2.2  Characterization 
The surface morphology of apatite and Col-Ap coatings at different time intervals was 
observed using field emission scanning electron microscopy (FESEM, JEOL JSM-
6335F).  The induction time of precipitation formation in the solution was judged by 
naked eyes.  The presence of apatite coating or Col-Ap coating at different time intervals 
was analyzed using energy dispersive X-ray analysis attached to the FESEM at 10 kV.  In 
addition, the cross-section of the coatings was examined using FESEM.  Briefly, cracks 
in the apatite and Col-Ap composite coatings were deliberately created using a fast 
drying process after coatings were formed.  A double-sided adhesive carbon tape (Fisher 
Scientific, Pittsburgh, PA) was used to remove the delaminated coating resulted from the 
fast drying, and the cross-section of the coating was exposed.  The coatings were 
examined by Fourier-transform infrared spectroscopy (FTIR) (Perkin ELmer) in 
reflection absorption mode in the range of 4000-700cm-1.  X-ray diffraction (XRD, 
BRUKER AXS D5005) was performed on apatite and Col-Ap coatings.  It was 
conducted at a step size of 0.02° and a scan rate of 1°/min with CuK! radiation 
("=1.54056 nm).   
2.2.3 Adhesive strength test 
The bonding strength between the coating and the substrate was assessed based on 
ASTM C-633 with slight modification [27, 36].  Super-glue (Loctite Superglue, Henkel, 
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Rocky Hill, CT) was applied to both sides of the substrates to bond them to cylindrical 
stainless fixtures (15 mm in diameter and 15 mm in length).  A tensile test was carried 
out using an Instron testing machine (Instron 5869) with a tensile load applied normal to 
the substrate at a cross-head speed of 1 mm/min until fracture.   Five specimens in each 
group were tested, and the fracture surface of the specimens was examined using 
FESEM. 
2.2.4 In vitro cell culture 
In vitro cell responses to four different coatings, namely apatite, 0.03col/apatite, 
0.2col/apatite and collagen coatings, were examined.  Rat osteosarcoma ROS17/2.8 cells 
were cultured in F12 medium supplemented with 10% FBS (Cellgro, Manassas, VA) and 
1% pen-strep (Cellgro, Manassas, VA).  The cells were kept at 37 ºC in a humidified 
atmosphere of 95% air and 5% CO2.  The culture medium was changed every other day.  
An osteogenic medium, which consists of F12 plus 10 mM !-glycerol phosphate (Sigma, 
St. Louis, MO), 10 nM dexamethasone (Sigma, St. Louis, MO ) and 50 "g/mL L-
ascorbic acid (Sigma, St. Louis, MO), was used after the cells were grown on the 
materials for one week.  
2.2.4.1 Cell proliferation 
The Col-Ap composite coated Ti6Al4V discs were sterilized under ultraviolet irradiation 
for 24 h.  Rat osteosarcoma ROS17/2.8 cells were seeded onto the sterilized coating 
surfaces at a density of 1.5#104 cells/cm2 in 2.0 mL medium (n=8).  The medium was 
changed after the first 24 h of seeding and all the samples were transferred to a new well 
plate.  Cell numbers on different coatings were measured at day 3, 7 and 14.  At each 
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time point, the culture medium was aspirated and then all the samples were rinsed with 
PBS.  Measuring medium (2.0 mL) containing 10% alamar blue dye (Biosource 
International, USA) was added to each well and incubated for 2 h.  Aliquots of 200 µL 
from each well were transferred to a 96-well plate and the fluorescence (!ex =570 nm, 
!em=590 nm) of cells was read by a microplate reader (Biotek MQX, USA).  The cell 
number on different substrates was calculated based on a calibration curve with pre-
determined cell numbers.   
2.2.4.2 Alkaline phosphatase (ALP) activity 
ALP activity of rat osteosarcoma ROS17/2.8 cells was evaluated using colorimetry-based 
assays composed of 5 mM p-nitrophenol phosphate disodium (p-NPP), 1 mM MgCl2, and 
0.15 M 2-amino-2-methyl-1-propanol (AMP) (Sigma, USA) with an equal volume 
amount of nitrophenyl phosphate (10 mM).  Cells with a density of 1.5"104 cells/cm2 
were seeded on the substrates and cultured the same way as in the proliferation study for 
3, 7 and 14 days (n=4).  At harvest, the cells were washed with PBS and lysed with 1 mL 
0.2% Triton X-100.  The cell suspension was sonicated for 60 s and centrifuged at 4 ˚C 
for 10 min.  The ALP activity was evaluated as the amount of nitrophenol released from 
the enzymatic reaction, and the absorbance was measured at 405 nm using a #Quant 
microplate reader (#Quant, Bio-Tek, USA).  Finally, it was expressed as relative to the 
control at different time points.  
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2.2.5 Statistical analysis 
Statistical analysis was carried out on cellular tests using one-way analysis of variance 
(ANOVA) at an average of 4-8 replicates.  Differences were considered statistically 
significant at p < 0.05. 
2.3 Results 
2.3.1 Surface morphology of apatite and Col-Ap coatings   
 
 
Figure 2.1 FESEM images of (a1&a2) apatite coating, (b1&b2) 0.03col/apatite coating, 
and (c1&c2) 0.2col/apatite coating after 24 h of immersion. Images in panel 1 are low-
magnification images (scale bar=10 !m), while those in panel 2 are high-magnification 
images (scale bar=1 !m). 
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The surface morphology of apatite and apatite/collagen coatings attained at 24 h is shown 
in Figure 2.1.  After 24 h of immersion in collagen-containing m-SBF, homogeneous 
Col-Ap coatings were formed on the surface of pre-treated Ti6Al4V (Figure 2.1b and 
2.1c).  All three coatings (pure apatite, 0.03col/apatite and 0.2col/apatite) demonstrated a 
rough and porous surface morphology comprising of numerous apatite globules, but the 
globule size in these coatings were significantly different.  The average diameter of the 
globules was approximately 10-20 !m in the pure apatite coating and 0.5-1.5 !m in both 
0.03col/apatite and 0.2col/apatite coatings.  In addition, the pure apatite coating was 
comprised of densely packed apatite particles, while the composite coatings was consist 
of porously packed, intertwined collagen fibrils evenly coated by apatite particles.   
2.3.2 XRD and FTIR results 
Figure 2.2 shows XRD patterns of pure apatite, 0.03col/apatite and 0.2col/apatite 
coatings formed after 24 h of immersion.  The peaks at 2"=31.8-32.2°correspond to an 
overlap of three major peaks (211), (112) and (300) of hydroxyapatite.  Another two 
characteristic peaks of hydroxyapatite located at 26.2° and 53.1° were also detected in the 
apatite coating and both Col-Ap coatings.  These peaks correspond to the (002) and (004) 
plane of the apatite, respectively [38].  It was also observed that all diffraction peaks were 
broad, implying that the apatite in both the pure apatite coating and the Col-Ap composite 
coatings were poorly crystallized.  In addition, two peaks at 28.1° and 48.2° attributed to 
the (102) and (312) planes of apatite, respectively, were found in pure apatite coating, but 
not in the composite coatings.  Compared to the pure apatite coating, the apatite peaks in 
composite coatings were broader, suggesting that the apatite crystals were less 
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crystallized with possibly smaller particle sizes.  It is worthwhile to notice that the 
variation of relative peak intensity of the titanium peaks at 35.4° and 40.5° for all 
coatings, suggesting that the coating for the pure apatite was thicker than the composite.   
 
Figure 2. 2 XRD patterns of coatings on Ti6Al4V after 24 h of immersion. (a) Apatite 
coating, (b) 0.03col/apatite coating, and (c) 0.2col/apatite coating.   
FTIR has also been employed to characterize the coatings and confirm the incorporation 
of collagen into composite coatings.  The spectra acquired from the coatings are 
displayed in Figure 2.3.  The broad band at 3500 cm-1 is associated with absorption of 
water in the coating, while the band at 1630 cm-1 corresponds to the O-H vibration.  
Strong absorption bands at 1100 cm-1, 1020 cm-1 and 965 cm- 1 are attributed to the 
stretching mode of P-O, which indicates apatite was formed.  The absorption peaks at 
1440-1600 cm-1 and 860-880 cm-1 denote the stretching mode of the O-C-O, suggesting 
the formation of carbonate apatite in both apatite and Col-Ap coatings [22,39].  In the 
FTIR spectra of the composite coatings, the peak of amide I combining with the OH- 
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vibration forms a shoulder structure, indicating the presence of collagen in the coatings 
[40]. 
 
Figure 2.3 The FTIR spectra of: (a) Apatite coating, (b) 0.03col/apatite coating, and (c) 
0.2col/apatite coating.   
2.3.3 Bonding strength test 
 
Figure 2.4 Bonding strength of apatite, 0.03col/apatite and 0.2col/apatite coatings to the 
Ti6Al4V substrate. 
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Figure 2.5 FESEM images of fracture surfaces of (a1) the substrate side of the 
0.03col/apatite coating, (a2) the fixture side of the 0.03col/apatite coating, (b1) the 
substrate side of the 0.2col/apatite coating, and (b2) the fixture side of the 0.2col/apatite 
coating. 
The adhesive strength between the bioactive coating and the implant is a critical 
parameter in determining the long-term stability of the implant.   Figure 2.4 shows that 
the adhesive strength of the three coatings to the Ti6Al4V substrate.  It was found that the 
adhesive strength decreased in the following order: apatite coating > 0.03col/apatite 
coating >0.2col/apatite coating.  The bonding strength for apatite coating was 
significantly higher than those of the composite coatings.  FESEM images of the fracture 
surfaces of composite coatings are shown in Figure 2.5.  The fracture surface of pure 
apatite coatings are not shown here, as it has been reported in our previous work [19].  
For the 0.03col/apatite coating, the fracture occurred at the interface between the 
0.03col/apatite coating and Ti6AL4V substrate.  The composite coating was mostly 
observed on the fixture side of the fracture surface (Figure 2.5 a2&b2).  However, some 
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underlying composite coatings still remained on the substrate after the fracture test as 
shown in a high magnification FESEM image (Figure 2.5 a1).  The fracture was 
manifested mainly owing to the cohesive failure within the 0.03col/apatite coating, 
suggesting that the real adhesion of 0.03col/apatite composite coating to the substrate was 
higher than the revealed value.  In the case of 0.2col/apatite coating, failure occurred at 
the interface between the 0.2col/apatite coating and Ti6Al4V substrate, with all the 
coating on the fixture side of the fracture surface.   
2.3.4 Cell responses to coatings 
To investigate the effect of coating composition on osteoblast responses, cell proliferation 
and differentiation were conducted on the coatings, as shown in Figure 2.6 and 2.7.  Cell 
proliferation was monitored by quantifying cell numbers after 3, 7 and 14 days of culture 
on the coatings and the results are shown in Figure 2.6.  The pure apatite coating was 
used as a control.  After 3 days of culture, the cell number increased slightly on all 
coatings, and it was significantly higher on the collagen coating comparing to apatite 
coating (P<0.01), 0.03col/apatite coating (P<0.01) and 0.2col/apatite coating (P<0.01).  
No significant difference was noticed among pure apatite, 0.03col/apatite and 
0.2col/apatite coatings.  At day 7, the cell number increased substantially on all testing 
samples.  The cell number on the collagen coating was still significantly higher than that 
on the rest of the testing surfaces (p<0.01), but no statistical differences were found 
among all the apatite-based coatings.  At day 14, the highest cell number was observed 
on the pure collagen coating.  A significant increase in cell proliferation was observed on 
the 0.2col/apatite coating (p<0.01), but the 0.03col/apatite coating did not demonstrate 
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such a trend and continued to have a low cell number compared to that on 0.2col/apatite 
(p<0.01).  These results suggest that collagen and Col-Ap composite coatings with a high 
collagen content may be more favorable for cell proliferation than the pure apatite 
coating and composite coating with a low collagen content. 
Figure 2.7 reveals the evolution of ALP activity of ROS17/2.8 cells on different coatings 
at 3, 7, 14 days.   At day 3, the ALP activity on the apatite coating was significantly 
lower than that on other coatings, but no significant differences were found among the 
other three coatings.  At day 7, a significant increase in ALP activity was revealed for all 
tested coatings.  The 0.03col/apatite coating, 0.2col/apatite and pure collagen coating 
exhibited substantially higher ALP values than pure apatite coating (P <0.001).  
However, no significant difference was observed among the collagen coating and the two 
Col-Ap composite coatings.  At day 14, a higher ALP level was observed on the collagen 
coating than the rest of the coatings, but no significant difference was noticed among the 
apatite, 0.03col/apatite and 0.2col/apatite coatings.  
 
Figure 2.6 Cell proliferation on coatings for 3, 7 and 14 days (**p < 0.01, compared to 
the pure apatite coating) 
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Figure 2.7 Alkaline phosphatase activity on different coating surfaces after culture for 3, 
7 and 14 days (***p < 0.001, compared to the pure apatite coating).  The data was 
normalized with respect to the Alkaline phosphatase activity on pure apatite coating at 
each time point.  
2.4 Discussion 
It is a common strategy to coat metallic implants with extracellular bone matrix 
components to enhance bone-implant contact and induce early bone formation.  A 
homogenous Col-Ap coating was successfully deposited onto titanium alloy surfaces 
within 24 h using a biomimetic process in our current work.  Compared to the pure 
apatite coating, the proliferation of osteoblast-like cells was significantly higher when 
collagen content in the m-SBF exceeded a certain level.  However, the bonding strength 
between the coating and the substrate was down regulated by the collagen content in the 
m-SBF. 
Ultraviolet (UV) light treatment was applied to Ti6Al4V before the coating process.  
Previous studies have shown that ultraviolet (UV) light treatment of Ti6Al4V can 
decontaminate hydrocarbon on the substrate and convert Ti4+ to Ti3+ to facilitate water 
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adsorption [31, 41]. A negatively charged surface with abundant Ti-OH or Ti-O- and high 
surface energy is formed during water adsorption, thereby attracting positively charged 
calcium ions from SBF solution.  It was suggested that surface bioactivity in terms of 
apatite formation and osteoblast adhesion was enhanced with UV treatment [31-33].  In 
our experiment, we found that the apatite/collagen coating formed on Ti6Al4V without 
UV treatment had poor repeatability and sometime the coating was inhomogenous.  
Unless we coat the substrate immediately after the acid treatment, a homogenous, 
reproducible coating can be formed.  Once the acid-treated substrate is left in air for a 
period of time, it collects impurity on its surface which greatly suppresses apatite 
nucleation.  This phenomena has also been reported by Rupp. F et al, where their acid-
treated titanium substrate was stored in a saline solution to avoid the substrate from 
contaminations [3].  We feel that UV treatment is a necessary step after acid treatment, 
which helps to clean up the titanium surface and regain the high surface hydrophilicity.   
Apatite and Col-Ap composite coatings were subsequently formed on the UV-treated 
Ti6Al4V.  The cross-section of the coating was observed, and the correlation between the 
coating morphology and bonding strength was established (Figure 2.8).  It was found that 
the pure apatite coating demonstrated a gradient structure with a dense microstructure 
adjacent to the metallic substrate and a porous coating on the surface (Figure 2.8 a1).  In 
contrast, the composite coating was more homogenous throughout the entire coating 
thickness and exhibited a rather porous microstructure (Figure 2.8 a2).  As a result, the 
pure apatite coating yielded a higher adhesive strength than the composite coatings.  
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Figure 2.8 Cross-section of (a) pure apatite coating and (b) 0.03col/apatite coating  
The biomimetic apatite coating formation is a process of heterogeneous apatite nucleation 
and crystal growth [42].  Addition of collagen to the SBF solution greatly complicated 
the coating process as well as the coating mechanisms.  The coating process is also 
accompanied by the precipitation of apatite particles in the m-SBF solution.  In this study, 
pH profiles of the m-SBF solutions with different collagen concentrations were recorded 
during the entire coating process (24 h) to investigate the kinetics of coating formation as 
well as the development of apatite precipitates in the m-SBF solution (Figure 2.9 and 
Table 2.2). 
 
Figure 2.9 Solution pH change versus soaking time: (a1) m-SBF with no collagen, (a2) 
m-SBF with 0.2g/L collagen, and (a3) m-SBF with 0.03g/L collagen. 
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 Precipitation formation Coating formation 
 pH Time (h) pH Time (h) 
m-SBF 6.647 10 6.614 6 
m-SBF with a collagen 
concentration of 0.03g/L 
6.789 6 6.789 6 
m-SBF with a collagen 
concentration of 0.2g/L 
6.803 6 6.803 6 
Table 2.2  Precipitates and coating formation in different m-SBF solutions 
On one hand, the pH in the solution increased with time due to the decomposition of 
bicarbonate as shown in equation (1) [43, 44].  At t=6 h, heterogeneous nucleation of 
apatite on the substrate was initiated when the pH reached a certain value, which in turn 
slowed down the rate of pH increase as well as the degree of supersaturation of Ca2+ and 
PO43- in m-SBF (equation (2)) [25].  As a result, the pH profile reached a plateau once 
apatite coating started to form.  The coating formed at this stage consisted of amorphous 
calcium phosphate clusters with a size of several hundred nanometers (Figure 2.10 a1).  
These clusters quickly spread over the entire substrate between 6-8 h of immersion in m-
SBF and formed a very dense coating layer adjacent to the substrate (Figure 2.10 a2), 
which facilitated a strong adhesion to the substrate.  This layer would also induce 
secondary nucleation of CaP [42].  On the other hand, visible CaP precipitates started to 
appear in the solution once the solution reached a labile state [42, 44].  In our study, at 
t=10 h, the pH of the solution reached the peak.  When t>10 h, the pH of the solution 
started to drop gradually as the pH increase caused by bicarbonate decomposition could 
no longer compensate the consumption of the hydroxyl groups consumed by apatite 
formation.  Once the pH decreased to a certain level, the coating formation ceased.  
HCO3- !CO2 + OH-                                 (1) 
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5Ca2++3PO43-+OH-!Ca5(PO4)3(OH)     (2) 
(NH2)2CO+H2O!2NH3+CO2 (3) 
NH3+H2O!NH4++OH-               (4) 
Col-Ap composite coating formation from a collagen-containing m-SBF is a complex 
process involving self-assembly of collagen fibers and co-precipitation of collagen fibers 
and apatite particles.  The addition of urea in the solution is important, which slows down 
the gelation of collagen fibers as well as adjusts the pH of the solution [37].  Hydrolysis 
of urea (equation (3)-(4)) and decomposition of bicarbonate (equation (1)) resulted in pH 
raise and thereby increased the supersaturation of Ca2+ and PO43- in the m-SBF.  At t=6 h, 
heterogeneous nucleation of apatite was initiated and Ti6Al4V substrate was covered by 
apatite and collagen fibers immediately (Figure 2.10 a1).  Subsequently, apatite was 
further incorporated to the coating by secondary nucleation and heterogeneous nucleation 
on collagen fibers.  Simultaneous precipitation of apatite on the metallic substrate and in 
the m-SBF solution occurred, which consumed large quantity of OH- groups in the 
solution, leading to a pH plateau at t=6 h.  However, hydrolysis of urea stopped the pH 
from further drop and an increase in pH at t>6 h was observed.  For the 0.03col/apatite 
coating at t=6 h, collagen and amorphous apatite clusters were co-precipitated onto the 
substrate and formed a thin coating (Figure 2.10 b1).  With more collagen in the m-SBF 
(0.2 g/L collagen in m-SBF), interwoven collagen fibers were absorbed onto Ti6Al4V 
substrate and formed into a porous network structure (Figure 2.10 c1).  Subsequently, 
apatite particles nucleated and grew on the fibrous collagen network, resulting in the 
formation of the composite coating.  We believe that the low bonding strength of the 
  
60 
0.2col/apatite coating was largely attributed to the porous coating structure formed 
adjacent to the substrate. 
 
Figure 2.10 FESEM images of ( a) apatite coating, (b) 0.03col/apatite coating, and (c) 
0.2col/apatite coating at 1) t=6 h, 2) t=8 h. 
With different SBF preparation procedures, the chemical reactions may be either 
expedited or retarded [45].  Ultimately, the apatite formation process can be considered 
as chemical reactions in the SBF solution [25].  In the current study, the addition of 
collagen suppresses the apatite formation on Ti6Al4V for the following two reasons: 
First, many apatite particles nucleate and grow on the surface of collagen fibers in the 
solution, which in turn reduces the amount of apatite precipitating onto the surface of the 
substrate.  Second, the composite coating formation is more difficulty than the pure 
apatite coating formation due to the low ion diffusion rate and slow CO2 transportation 
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resulting from increased viscosity in the composite solution.  As a result, the former 
requires a relatively higher initial pH to induce the coating formation.   
The biocompatibility of the coatings was also assessed by cell culture studies.  It was 
reported that the bioactivity of calcium phosphate coatings would be enhanced by the 
incorporation of proteins [46-49].  Collagen has been proved to have a beneficial effect 
on cell adhesion and differentiation as it is one of the major ECM proteins which contain 
numerous cell binding sites such as RGD sequences [16].  Col-Ap composite coating 
combines the benefit of both the apatite and the collagen.  It was discovered in our study 
that increasing the amount of collagen in m-SBF resulted in an increase in cell 
proliferation in the initial stage of culture.  Cell adhesion influences many aspects of cell 
behavior, including cell proliferation, differentiation, morphology and migration [50].  It 
has been shown that collagen coating enhances osteoblast spreading and results in 
quicker cell adhesion [51].  Therefore, the promoted cell proliferation on the collagen-
containing coatings may be attributed to the presence of adhesive motif on collagen fibers 
[52].  ALP is an early indicator of osteoblast cell maturity [53].  Our results suggested 
that more cells differentiated on the surface with the highest collagen content than other 
substrates at early time points (3 and 7 days).  However, no significant improvement of 
cell differentiation was found on the composite coatings at a later time point (14 days).  
The effect of collagen on cell behavior was also investigated by a few other research 
groups.  High cell ALP activity was found when culturing on type I collagen surfaces 
[54-58], but it was also reported by Morra et al. that collagen coating on titanium had no 
significant effect on osteogenic differentiation of osteoblast-like SaOS-2 cells [59].  The 
controversial contribution of collagen to cell activities may be attributed to different cell 
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types used in these studies.  Primary derived osteoblasts or osteoprogenitor cells, such as 
bone marrow cells, human myoblasts, mesenchymal cells or rat calvarial osteoblasts, 
were used in the studies quoted above [54-58].  In contrast, ROS17/2.8 and SaOS-2 cells 
were employed in our study and the study by Morral et al., respectively.  They are 
established cell lines derived from osteocarcoma cancer cells [60].  In the case of 
ROS17/2.8, although it has demonstrated that this cell line is clonal osteoblast-like cells, 
it does not exhibit a complete differentiation pattern in vitro.  In other words, the long-
term differentiation of ROS17/2.8 cells lacks of stability [61].  Therefore, the 
insignificant difference of ALP between the control and the experimental groups at a later 
time point may be attributed to this reason. 
2. 5 Conclusions 
A homogenous Col-Ap coating has been successfully prepared using a biomimetic 
technique.   The coating composition and morphology could be tailored by carefully 
adjusting the collagen concentration in the m-SBF solution.  Collagen completely 
changed the nucleation and growth behavior of apatite in the supersaturated m-SBF 
solution.  It inhibited apatite nucleation and crystal growth on Ti6Al4V substrates.  The 
Col-Ap coatings exhibited a homogeneous porous structure which was comprised of 
collagen fibers and apatite crystals.  Its bonding strength to the substrate was weaker than 
pure biomimetic apatite coating, but was sufficient for surgical handling.  Furthermore, 
the composite coating with a high collagen content supported better osteoblast 
proliferation than the pure apatite coating.  Thus, the Col-Ap coating can be potentially 
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applied to different implant surfaces to enhance osteointegration between implants and 
surrounding bone.  
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3. Biomimetic fabrication and freeze casting of collagen-apatite precitates 
3.1 Introduction 
Col-Ap composite resembling the composition of natural bone has been studied 
extensively and considered as a promising bone tissue engineering material [1-16].  
Apatite exhibits good biocompatibility, osteoconductivity and bone-bonding ability, but 
its brittleness, rigidity, and slow degradation rate have limited its usefulness in broader 
biomedical applications [2, 17].  Collagen, the most abundant protein in extracellular 
matrix, is chemotactic to fibroblasts.  It shows high affinity to cells and good 
resorbability in vivo.  Nevertheless, its poor mechanical properties have restricted its 
usage in load-bearing applications [18-21].  By adding apatite to collagen, the mechanical 
properties of the resulting composite could increase substantially [7].  It was also reported 
that Col-Ap composite scaffolds demonstrate better osteoconductivity and osteogenicity 
than non-mineralized collagen scaffolds [14].  
In recent years, many research groups have worked on the preparation of Col-Ap 
scaffolds with optimum structures and chemical compositions for bone and cartilage 
repair [5-16].  Col-Ap scaffolds were synthesized by either physically mixing pre-
synthesized apatite particles with collagen fibers or applying a biomimetic apatite coating 
onto lyophilized collagen scaffolds [5-8].  In the light of all these successes in preparing 
Col-Ap scaffolds, further efforts have been made to fabricate scaffolds consisting of 
mineralized collagen fibers mimicking the building block in natural bone [8].  In the last 
decade, Kikuchi et al. developed biomimetic Col-Ap composite scaffolds by mineralizing 
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type I collagen in a solution of calcium phosphate [9].  Since then, the co-precipitation 
approach has been adopted by many researchers [10-15].  Especially, in situ self-
assembly to mimic the biomineralization process found in nature has attracted much of 
the attention.  This process is environmental friendly, and allows a high degree of control 
over apatite content and crystal growth.  Recently, our research group has developed a 
biomimetic coating process, which successfully formed a layer of calcium phosphate 
coating onto the surface of tissue engineering scaffolds, ceramics and metals within 24 h 
of immersion in a modified simulated body fluid (m-SBF) [22-24].  Furthermore, 
collagen has been added to the m-SBF to allow biomineralization of self-assembled 
collagen fibers to form a dense Col-Ap composite or a biomimetic composite coating [25, 
26].  Using the same approach, a 3-D porous Col-Ap composite scaffold has also been 
prepared by carefully adjusting the collagen concentration and pH value of the collagen-
containing m-SBF in the current study. 
In tissue engineering, the function of a scaffold is to provide a 3D spatial and temporal 
structure to direct cell attachment, proliferation and differentiation, and guide tissue 
formation.  An open porous architecture with suitable pore size is required to facilitate 
mass transportation of nutrients and vascularization, while maintaining a certain 
mechanical strength for handling and providing necessary mechanical support [21, 27]. 
Freeze casting, a method based on physical properties of ice formation, has been used 
widely to generate scaffolds with distinct structures for tissue engineering [22-44].  This 
technique does not involve any chemical reaction, thus avoiding potential complications 
associated with purification procedures [28].  Currently, there are two main porous 
structures fabricated by controlling freezing regimes: equiaxed structure and anisotropic 
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lamellar structure.  In general, the scaffold fabricated under a constant and slow cooling 
rate demonstrates an anisotropic, equiaxed porous structure.  The pore size can be 
tailored by controlling the final freezing temperature (Tf) in the chamber of freeze dryer, 
and the distribution of the pore size is determined by the cooling rate [29-38].  In 
contrast, scaffolds with preferential orientation and open porosity can be prepared using 
unidirectional solidification to control the direction of ice growth [39-44].  In most of the 
freeze casting studies, pure ceramic or pure polymeric systems are investigated.  The 
freezing behavior of a Col-Ap composite system has hardly been explored in depth, and 
the degree of control for scaffold microstructure is still lacking.  
In the current study, we have designed a fabrication process combining a novel 
biomimetic strategy with controllable freeze casting.  This method is simple but capable 
of fabricating bone-like composites with a range of Col-Ap ratios and structures to meet 
versatile needs for tissue regeneration.  Two freezing regimes have been established to 
prepare scaffolds with equiaxed structure and unidirectional lamellar structure, 
respectively.  The mechanisms of freeze casting have been explored in depth.  Finally, a 
preliminary in vivo evaluation on the Col-Ap scaffold was conducted using a two-hole 
mouse calvarial defect model. 
3.2 Materials and methods 
3.2.1 Preparation of Col-Ap suspensions 
Biomimetic Col-Ap composites were synthesized using a collagen containing modified 
simulated body fluid (m-SBF) as shown in Figure 3.1.  Based on the protocol by Rajan et 
al. [45], type I collagen was extracted from rat tails, purified and freeze-dried.  Such 
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obtained collagen was dissolved in 0.02 M acetic acid at 4 ºC, and its concentration in m-
SBF was adjusted to 1, 2, 3 g/L, to achieve scaffolds with varied collagen to apatite 
ratios.  Such prepared Col-Ap scaffold was named as Col-Ap-x, and x represents the 
apatite content in the scaffold (wt%).  The m-SBF was prepared as reported previously 
[22-26].  The pH of the m-SBF solution was adjusted to 7 by addition of HEPES (4-(2-
hydroxyapatiteethyl)-1-piperazineethanesulfonic acid) and NaOH.  After soaking in m-
SBF in a sealed vial under constant stirring at 40 ºC for 24 h, the precipitates were 
collected by centrifuging at 10000 rpm for 12 min at 4 ºC.  
 
Figure 3.1 Schematic procedure for preparation of biomimetic Col-Ap scaffolds with 
different pore structures. 
3.2.2 Freeze casting of Col-Ap precipitates 
Two freezing regimes were applied to freeze casting of Col-Ap suspensions (Figure 3.1).  
In the first regime, Col-Ap suspensions made from collagen-containing m-SBF with three 
different concentrations, 1, 2 and 3 g/L, were placed in the chamber of a freeze-dryer 
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(Free Zone®, Labconco, USA) at room temperature.  The chamber was cooled at a 
constant rate of 0.4 ºC /min to a final freezing temperature (Tf = -25 ºC) and held constant 
until the whole sample was frozen.  To investigate the effect of Tf on the resulting pore 
structure of the scaffold, Col-Ap suspension prepared from m-SBF with a collagen 
concentration of 2 g/L was cooled to Tf =-10, -25 and -40 ºC at a constant cooling rate of 
0.4 ºC /min.  The temperatures within the Col-Ap suspension and in the freeze dryer were 
monitored at every 10 s interval using thermocouples placed at the center of the 
suspension and the chamber of the freeze dryer, respectively.  The liquid-solid transition 
time is defined as the time that the solid and the liquid co-exist in the suspension [36].  In 
this study, the suspension temperature at the transition time remained between 0 and -1 
ºC following the initial undercooling required for initiation of ice crystal nucleation.  In 
the second regime, the Col-Ap suspension was frozen in a petri-dish covered by 
polyurethane foam to reduce heat transfer from surrounding environment to the slurry.  
The bottom of the petri-dish was placed directly on a thick or thin aluminium plate which 
was placed on liquid nitrogen or dry ice to create a uniaxial thermal gradient at different 
cooling rates. 
The as-frozen precipitates were then lyophilized in the freeze dryer.  The freeze-dried 
scaffolds were subsequently cross-linked with 1 wt% N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC) hydrochloride for 24 h.  Then scaffolds were rinsed thoroughly 
in distilled water, followed by 5% glycine solution, rinsed again with water, and finally 
freeze-dried for the second time. 
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3.2.3 Characterization 
The surface morphology of Col-Ap scaffold was observed using field emission scanning 
electron microscopy (FESEM, JEOL JSM-6335F) at 5 kV.  Pure collagen and Col-Ap 
composite scaffolds were examined using Fourier-transform infrared spectroscopy 
(FTIR, Perkin Elmer) in absorption mode in the range 4000-500 cm-1 at a resolution of 4 
cm-1 with an average of 32 scans.  X-ray diffraction (XRD, BRUKER AXS D5005) was 
also performed on collagen and Col-Ap scaffolds at a step size of 0.02° and a scan rate of 
1 °/min with CuK! radiation ("=1.54056 nm).  Thermogravimetric analysis (TGA) was 
carried out to determine the amount of apatite in the Col-Ap scaffolds.  The scaffolds 
with a weight of 20 mg were studied using a TG analyzer (TGA-1000, Rheometric 
Scientific, UK) and the measurements were recorded from 30 to 1000 ºC with a heating 
rate of 10 ºC /min in air.   
3.2.4 Pore size and porosity measurement 
The pore size and lamellar spacing of the scaffold were determined using a histological 
technique as described by O'Brien et al. [34-36].  From each scaffold variant, four sets of 
cylindrical samples (8 mm in diameter, 4 mm in height) were cut using a punch.  The 
samples were transferred into 30% sucrose/PBS solution and soaked for approximately 1 
h.  Then, the samples were embedded using embedding media (Cryomatrix, Thermo-
Shandon, USA) and sectioned into 7 µm sections using a frozen section station (Leica D-
69226, Germany).  The cross-sections of the scaffolds were then observed using a Zeiss 
Axio Imager Z1 microscope with a differential interference contrast (DIC) channel under 
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a dark field.  A total of 4 digital images were taken from each sample to give a total of 16 
images for each scaffold variant.  The mean pore size and pore size distribution of the 
equiaxed scaffold were calculated according to the average of the pore surface area from 
optical image data using Image J software.  The lamellar spacing was determined from 16 
images of cross sections in the plane parallel to the direction of freezing.  Twenty-five 
measurements were taken randomly in each image and then the mean lamellar spacing 
was calculated.  The porosity of the scaffolds was calculated by gravimetric method 
according to the following equation [7]. 
 
 where !material is the density of the Col-Ap scaffold and !scaffold is the apparent density of 
the scaffold that is determined by scaffold weight against scaffold volume.  The densities 
for collagen and apatite are 1.32 (!collagen) and 3.16 g/cm3 (!apatite), respectively.  The 
weight percent ratio of collagen ("collagen) and apatite ("apatite) were measured from TGA 
measurements.  Five sets of cylindrical samples were cut using a punch with a diameter 
of 8 mm.  The mass of each sample (mscaffold) was then measured.  The volume of each 
sample (Vscaffold) was calculated based on the dimension of the scaffold. 
3.2.5 In vivo evaluation 
3.2.5.1 Transgenic mice 
Transgenic mice carrying pOBCol3.6GFP transgene associated with osteoblast 
differentiation were used for in vivo evaluation of scaffolds.  The pOBCol3.6GFPtpz and 
pOBCol3.6GFPcyan transgenic mice were maintained as homozygous breeders on a CD1 
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background.  To distinguish contribution of the donor cells from the host cell, cells 
derived from Col3.6GPFcyan mice that express blue fluorescence were used as donor 
cells, while Col3.6tpz mice with a green fluorescence were used as the recipients.  The 
transgenes remain stable and consistent in their expression for multiple generations [46]. 
3.2.5.2 Donor cells isolation and expansion in vitro 
Calvarial osteoblasts (COBs) cells were derived from pOBCol3.6GFPcyan transgenic 
mice.  Neonatal calvarial cells were isolated from 4-6 day-old mice using a modified 
sequential digestion method [46].  Briefly, after removal of sutures and adherent 
mesenchymal tissues, transgenic mouse calvariae was subjected to four sequential 15 min 
enzyme digestion at 37°C in a solution containing 0.05% trypsin-EDTA and 0.1% 
collagenase P (Roche Diagnostics, USA).  Cells released from the second to the fourth 
digestions were collected, centrifuged, re-suspended and plated at a density of 1.0x106 
cells per 100 mm cell culture dish (Falcon, Fisher Scientific) in DMEM medium 
containing 10% FCS for 5-6 days.  Cells at pre-confluent stage were harvested in 0.25% 
trypsin/EDTA (Roche Diagnostics, USA) after they reached subconfluence and re-
suspended in DMEM containing 10% FBS at a concentration of 1.0x106 cells /mL. 
3.2.5.3 Animal surgery 
A two-hole mouse calvarial defect model was employed where the scaffold loaded with 
mouse calvarial cells (mCOBs) carrying pOBCol3.6cyan (blue) reporter was implanted 
into a host mouse carrying pOBCol3.6tpz (green) reporter.  A house-made equiaxed Col-
Ap scaffold, Col-Ap-35, was employed as the test, which was prepared using m-SBF 
containing 2g/L collagen and then frozen at Tf= -25 ºC at a cooling rate of 0.4 ºC /min.  
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All surgeries were performed under a protocol approved by the University of Connecticut 
Health Center Animal Care Committee.  A total of 4 transgenic mice were tested and 8 
calvarial defects (double-hole model) were created.  All animals were irradiated with a 
lethal dose of 900 cGy total body gamma irradiation using a 137 Cs source (Nordion 
Gammacell 40 Irradiator; Canada), with a dose rate of 66.5 cGy/min [47].  Rescue of the 
hematopoietic system of irradiated mice was performed by systemic injection of at least 
5.0x106 total bone marrow cells from a non-transgenic CD-1 mouse into retro-orbital 
sinus of each anesthetized mouse.  The animals were anesthetized with a 
ketamine/xylazine mixture (135 mg/kg and 15 mg/kg) prior to surgery.  Two circular 
defects, 3.5 mm in diameter, were created at the cranium on each mouse.  Col-Ap-35 
equiaxed scaffolds were loaded with mCOBs at a density of 1.0x106 cells per scaffold 
and implanted into the left and right side of the defect, respectively.  The mice were given 
an intraperitoneal injection of freshly prepared XO (30 mg/mL, 90 mg/kg) 24 h prior to 
the sacrifice.  Xylenol orange (XO) is a fluorochrome chelating reagent that labels newly 
calcified tissue in vivo.  After 4 weeks, all mice were sacrificed and the defect area 
together with the scaffold was dissected from the surrounding tissue.  
3.2.5.4 Radiological examination and histological evaluation of GFP expression and 
bone formation 
After sacrifice, the calvarial tissues were harvested and fixed in 10% Buffered formalin 
(Sigma, HT501320.9) for 2 days and transferred into 30% sucrose/PBS solution and 
soaked overnight.  The samples were subsequently embedded and cryosectioned as 
described previously.  After rehydration in PBS, the slides were mounted using 50% 
glycerol with 1:1000 dilution of Hoechstsolution (Mol Probes #H-3570).  The GFP 
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expression in the calvarial sections was examined using Zeiss Axio Imager Z1 equipped 
for fluorescence imaging and computer-controlled mechanical stage [48].  A set of filter 
combinations was used to distinguish the GFP signal and XO label from the 
autofluorescent background of bone, bone marrow and scaffold.  The YFP filter was used 
to identify the Col3.6tpz green fluorescent signal, while the Cyan filter was employed for 
the Col3.6cyan blue fluorescent signal.  Cell nucleus stained by Hoechst was taken by 
DAPI channel with a pseudo yellow color to distinguish it from cyan, typz and red.  All 
images were taken in air and recorded using a Zeiss Axio digital camera.  Image 
processing was performed using Axia Vsion 4.7 (Zeiss, Germany) and Adobe Photoshop 
(Adobe systems, San Jose, CA). 
Following detection and imaging of GFP expression, all the slides were soaked in PBS 
for 60 min to remove the cover slides. They were then decalcified in 15% 
ethylenediamine tetraacetic acid (EDTA) overnight at room temperature.  The sections 
were stained with hematoxylin after decalcification. Briefly, the slides were first stained 
in hematoxylin for 1 min and then washed thoroughly with distilled water.  The slides 
were mounted with 50% glycerin in PBS and covered by a coverslip.  Images of H 
staining were recorded by Zeiss Axio Imager Z1 microscope with Zeiss Axio color 
camera. 
3.2.6 Statistical analysis 
Results are presented as mean ± standard deviation.  Statistically significant differences 
were determined by one- or two-way analysis of variance (ANOVA).  Statistical 
significance was accepted at p < 0.05. 
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3.3 Results 
3.3.1 Microstructure of Col-Ap scaffolds  
 
Figure 3.2 (a) TGA, (b) FTIR and (c) XRD of collagen and Col-Ap scaffolds. 
TGA tests demonstrate that Col-Ap precipitates prepared at a collagen concentration of 
1.0, 2.0 and 3.0 g/L had an apatite content of 54±3.8, 35±2.3 and 18±2.9%, respectively 
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(Figure 3.2 a).  Figure 3.2 b shows the FTIR spectra obtained from collagen and Col-Ap 
scaffolds.  The broad band at 3500 cm-1 is associated with absorption of water in the 
scaffolds.  The peak around 1670 cm-1 arises from the C=O stretch of amide I, while 
those at 1540 cm-1 and 1200 cm-1 arise from N-H deformation of amide II and C-N 
stretch of amide III, respectively.  The band at 1630 cm-1 corresponds to the O-H 
vibration overlapping with the peak of amide I.  In Col-Ap scaffolds, the bands between 
500 and 600 cm-1 are antisymmetric bending vibration of the PO43- groups.  Bands in the 
region 1200-965 cm-1 are stretching vibrations of the PO43- groups.  The carbonate peak 
at 875 cm-1 suggests the formation of carbonated apatite, which is similar to the mineral 
composition in natural bone [11]. 
Figure 3.2 c shows XRD patterns of pure collagen and Col-Ap scaffolds.  A broad diffuse 
peak at about 20° is attributed to be collagen.  In Col-Ap scaffolds, the peak at 26.2° is 
attributed to the (002) plane of apatite.  The major peak at 2!=31.8-32.2° corresponds to 
an overlap of three major planes (211), (112) and (300) of apatite.  In addition, three 
weak peaks at 28.1°, 48.2° and 53.1° were detected in both Col-Ap-35 and Col-Ap-54.  
These peaks correspond to the (102), (312) and (004) planes of apatite, respectively [41].  
All diffraction peaks were broad, implying that the apatite in Col-Ap scaffolds was 
poorly crystallized.  The apatite peaks are the broadest in Col-Ap-18, suggesting that the 
apatite crystals is the least crystallized and may with the smallest size comparing to those 
in either Col-Ap-35 or Col-Ap-54. 
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3.3.2 Col-Ap scaffolds with tunable structures 
3.3.2.1 Equiaxed structured Col-Ap scaffold 
 
 
Figure 3.3 FESEM micrographs of (a) collagen, (b) Col-Ap-18, (c) Col-Ap-35 and (d) 
Col-Ap-54 scaffolds.   Left panel is low magnification images of porous structure of 
scaffolds at a macro-scale level.  Right panel is high magnification images of scaffold 
surface structures at a micro-scale level.  (e) EDX mapping of (e1) calcium and (e2) 
phosphate distributions within Col-Ap-54 scaffold. 
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Under the same freezing regime (Tf= -25 ºC, cooling rate=0.4 ºC/min), suspensions with 
different Col-Ap weight ratios were frozen and lyophilized.  As shown in Figure 3.3, both 
of collagen and Col-Ap scaffolds with different apatite contents exhibited an isotropic 
equiaxed structure.  Macro-pores with diameters ranging from ~40 to ~160 !m were 
observed in both collagen and Col-Ap scaffolds, as shown in Figure 3.3 left panel.  
FESEM images at a higher magnification (right panel) revealed that surface of collagen 
scaffold exhibited a smooth morphology (Figure 3.3 a2).  In contrast, the surface of Col-
Ap scaffolds consisted of self-assembled collagen fibers and apatite clusters.  As shown 
in Figure 3.3 b2, apatite crystals with a size of ~100 nm dispersed uniformly on the 
surface and embedded within collagen fibers with a diameter of 100-200 nm in Col-Ap-
18 scaffold.  Increased amount of apatite clusters were observed for Col-Ap-35 (Figure 
3.3 c2) and Col-Ap-54 scaffolds (Figure 3.3 d2).  EDX mapping of calcium (Figure 3.3 
e1) and phosphate (Figure 3.3 e2) distributions in Col-Ap-54 scaffold conforms that the 
calcium phosphate mineral phase distributed uniformly throughout the scaffold.  
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Figure 3.4 Pore size distribution of collagen and Col-Ap scaffolds.  *Significantly 
different (p<0.05). 
Under the same freezing regime, the pore size and porosity were down regulated by 
apatite content in Col-Ap scaffolds as shown in Figure 3.4 and Table 1.  Based on pore 
size distribution analysis (Figure 3.4), the amount of pores with a size larger than 100 !m 
decreased when apatite content increased from 0 to 54wt%.  The collagen scaffold 
exhibited largest pore size and highest porosity compared with Col-Ap scaffolds.  When 
apatite content increased from 18% to 54%, the average pore size decreased from 106.4 
!m to 69.1 !m and porosity decreased from 93.2% to 91.5%.  Pore size of Col-Ap-18 is 
larger compared to that of Col-Ap-35 and Col-Ap-54. 
 
 Average pore size (µm) Porosity (%) 
Collagen 118.9 ± 20.3 95.9 ± 3.9 
Col-Ap-18 106.4 ± 24.1 * 93.2 ± 1.7 * 
Col-Ap-35 82.1 ± 16.7  * # 92.2 ± 4.7 * #  
Col-Ap-54 69.1 ± 25.2  * # 91.5 ± 1.1 * # 
Table 3.1 Mean pore size and porosity of collagen and Col-Ap scaffolds.  *Significantly 
different from Collagen scaffold, # Significantly different from Col-Ap-18 scaffold 
(p<0.05). 
 
Figure 3.5 a shows FESEM images of scaffolds obtained by freezing Col-Ap-35 
suspension at a constant cooling rate of 0.4 ºC/min, but at different final freeze dryer 
temperatures.  A homogeneous porous structure with interconnected, equiaxed pores was 
achieved throughout the entire scaffold.  Figure 3.5 b clearly shows Col-Ap scaffold 
prepared at a final freezing temperature of -10 ºC exhibited a higher number of large 
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pores (pore size > 80 !m) compared with those prepared at a final freezing temperature 
of -25ºC and -40 ºC, indicating larger pore size formed at an elevated final freezing 
temperature.  
 
Figure 3.5 (a) FESEM images and (b) pore size distribution of Col-Ap scaffolds obtained 
at different final freezing temperatures, (c) Temperature-time curves of the center of Col-
Ap-35 suspensions (solid line) and the surrounding air (dashed line) in the freeze dryer 
during the cooling process at different final freezing temperatures.  *Significantly 
different (p<0.05). 
The temperature-time curves during the cooling process of Col-Ap-35 suspension                                                                                                                                                                                                                                                            
at different final freezing temperatures are shown in Figure 3.5 c.  Initially, the 
temperature decreased at a rate of 0.4 ºC/min until it reached the nucleation temperature 
at ~-8 ºC.  A sudden increase of the temperature was observed at t=70 min from the 
nucleation temperature toward the equilibrium crystallization temperature for ice.  The 
temperature then decreased gradually until it reached the final frozen temperature.  A 
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longer liquid-solid transition time was observed for scaffolds with a final freezing 
temperature of -10 ºC (31.3 min) than those of -25 ºC (22.5 min) and -40 ºC (20.1 min).  
Table 3.2 summaries the correlation between freezing time and pore size.   
Tf (ºC) Freezing time (min) Mean pore size (µm) 
-10 31.3           87.3 ± 18.3 
-25 22.5 82.3 ± 15.1 * 
-40 20.1 80.8 ± 17.0 * 
 
Table 3.2 Pore size analysis and the time required for the liquid-solid transition during 
cooling of Col-Ap-35 suspension.  *Significantly different from Tf =-10 ºC (p<0.05). 
3.3.2.2 Lamellar structured scaffold 
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Figure 3.6 (a) FESEM images of cross-section parallel to the freezing direction for Col-
Ap scaffolds fabricated by freezing the suspension at different cooling rates, (b) Influence 
of the cooling rate and final freezing temperature on the lamellar spacing. 
As shown in Figure 3.6 a, the Col-Ap scaffolds prepared by unidirectional freezing 
exhibit anisotropic pore structure in which pores were aligned along the direction of ice 
growth.  In Figure 3.6 b, the lamellar spacing was measured parallel to the c-axis of the 
plate-like ice crystals.  It was affected by the cooling rate and final freezing temperature.  
With an increase of cooling rate from 1.8 to 9.1 ºC/min, corresponding to the decrease of 
final freezing temperature from -80 to -180 ºC, a significant decrease of lamellar spacing 
from 110.4 to 7.2 !m was observed.  
3.3.3 In vivo evaluation 
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Figure 3.7 GFP fluorescence images of bone formation at the cross-section of the 
calvarial defect implanted with equiaxed structure Col-Ap-35 loaded with mCOB cells of 
Col3.6cyan mice at 28 days.  Cyan channel shows blue fluorescence signal from 
Col3.6cyan cells, Tritc channel shows red fluorescence signal from xylenol orange 
labeling, YFP channel shows green fluorescence signal from Col3.6tpz cells, and dark 
field (DF) channel shows mineral tissue.  Cell nuclei were stained using Hoechst using 
DAPI filter with a pseudo yellow color.  (a) 10x scanning image with 
Cyan+TRITC+Tpz+Dark field channel, (b) 10x scanning image with 
Cyan+TRITC+Tpz+DAPI, (c) Cyan+TRITC+Tpz+DAPI, (d) Cyan+TRITC+Tpz and (e) 
Homatoxylin staining of defect area.  CN: cell nuclei, BC: Blood cells, BM: Bone 
marrow, NB: Newly formed bone.  Scale bars: 500 µm in a&b and 100 µm in c, d&e.  
The blue arrows indicate blue osteoblast donor cells, the green arrows indicate host cells, 
while the red arrows point to OX red label. 
Col-Ap-35 scaffold has a composition most closely mimicking that in natural bone, so it 
was selected to be tested in vivo.  Prior to in vivo test, the scaffold was optimized based 
on its handling property and mechanical strength.  Figure 3.7 shows images of the 
calvarial defect model in which Col-Ap-35 scaffold with an equiaxed structure was 
loaded into the defects with mCOBs cells (pOBCol3.6cyan).  After four weeks of 
implantation, the pOBCol3.6cyan positive cells (blue, indicated by blue arrows) were 
found distributing throughout the defect area.  An overlap of XO label (indicate by red 
arrow) and blue cells was clearly observed, and they together marked the outer surface of 
new bone.  This indicates donor osteoblast cells actively participated in new bone 
formation.  In comparison, although very few host cells (green, pointed by green arrows) 
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were also observed in the defect area, they did not overlay with the mineral label (XO), 
suggesting the host cells may not contribute to new bone formation in the defect.  
Hoechst stained nuclei of all cells, indicating cells were well distributed within the 
defects.  Especially, there were nuclei within the area labeled by an overlay of OX (red) 
and Col3.6cyan osteoblasts (blue), further confirming new bone formation.  Besides new 
bone, blood cells and bone marrow were also formed in the defect area indicated by H 
staining. 
3.4 Discussion 
A series of Col-Ap scaffolds possessing different pore structures were prepared using a 
biomimetic fabrication technique combined with controllable freeze casting.  An 
isotropic equiaxed structure was created by freezing the Col-Ap suspension at a slow 
cooling rate in a homogeneous cold environment, whereas an aligned lamellar structure 
was prepared by unidirectional freezing of Col-Ap suspension.  The composition and 
pore size of the scaffold could be easily adjusted.  The scaffolds were evaluated in vivo 
using a two-hole calvarial defect model, which demonstrates that the Col-Ap scaffolds 
well supported osteoblast activities and new bone formation. 
3.4.1 Control Col-Ap microstructure and composition  
Biomineralization using simulated body fluid (SBF) has attracted the attention of many 
researchers and proved to be an easy method in developing bone-like apatite on polymer 
scaffold.  Previous studies reported that a biomimetic apatite coating could be deposited 
throughout porous 3D structures by immersing scaffolds into the SBF solution [7, 8].  
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Although mechanical strength of the scaffolds was enhanced, a reduction in porosity and 
pore interconnectivity was also observed.  Here a novel one step co-precipitation method 
was employed to prepare mineralized collagen scaffold in a collagen containing m-SBF 
for the first time.  Compared to conventional co-precipitation method, the biomimetic 
technique is simpler and easier to operate.  One major disadvantage of conventional co-
precipitation method is that the composition of the precipitates is sensitive to pH change, 
and therefore continuous titration is required to maintain the solution pH constant during 
chemical reaction.  In our biomimetic approach, bone-like apatite was readily achieved 
by only adjusting the initial pH of the precipitation solution.  As a result, self-assembly of 
collagen fibril and precipitation of poorly crystalline hydroxyapatite occurred 
simultaneously, forming a composite mimicking the composition of natural bone.  The 
kinetics of apatite crystal growth was carefully controlled by monitoring the 
decomposition of hydrogen carbonate as well as the diffusion rate of calcium and 
phosphate ions (see Reaction (1) below).  On one hand, stirring accelerated the diffusion 
of calcium and phosphate ions, leading to the precipitation of apatite into the space 
between collagen fibrils (see Reaction (2) below).  On the other hand, the decomposition 
of hydrogen carbonate in m-SBF was suppressed by sealing the vial containing m-SBF 
[22-26].  Hydrogen carbonate in m-SBF, known as the apatite crystal growth inhibitor, 
delays the apatite growth and stabilizes apatite nanoclusters [49].  As a result, collagen 
self-assembly occurred synchronously with the nucleation and growth of apatite crystals 
to achieve a bone-like composite. 
         (1) 
    (2) 
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In addition, with this technique, the mass fraction of apatite could be easily tailored over 
a wide range (0~54%) by simply varying collagen concentration in m-SBF.  The resulting 
scaffold was poorly crystalline, bone-like Col-Ap composite.  Especially, when the 
apatite content in the scaffold was low (e.g. Co-Ap-15), the apatite particles in the 
composite scaffold became more amorphous compared to those with a higher apatite 
content.  This can be explained as that apatite crystal growth was inhibited in m-SBF at a 
high collagen concentration because increased viscosity lowered the diffusion rate of 
calcium and phosphate ions [49, 50].  
3.4.2 Control scaffold pore structure 
 
Figure 3.8 Schematic illustration of how equiaxed structure was formed. 
During the lyophilization process, the porous structure of scaffold is a replica of ice.  
Therefore, formation of such a structure depends largely on the physics of ice crystal 
growth and the interaction between ice front and Col-Ap precipitates in the colloidal 
suspension [27-44, 50-56].  The growth of ice crystal is kinetically in favor of the 
direction perpendicular to the c-axis of hexagonal ice.  Thus, an isotropic structure is 
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formed when temperature gradient is minimal.  In contrast, anisotropic structure with 
lamellar pores aligned along the preferred crystal growth direction is formed by 
increasing the temperature gradient (Figure 3.1).  The formation of equiaxed and 
unidirectional lamellar structures are illustrated in Figure 3.8 and Figure 3.9, respectively.  
Under a slow freezing rate and non-unidirectional freezing condition, an equiaxed, 
isotropic porous scaffold was obtained as shown in Figure 3.8.  When the temperature 
dropped below its freezing point, undercooling occurred in the solution.  Consequently, a 
large number of ice nuclei were formed in the solution when the suspension was 
undercooled to the nucleation temperature at -8 ºC (Figure 3.8 a).  The undercooling 
further drove rapid crystal growth during recalescence of suspension, which was 
demonstrated as a sudden temperature rise from -8 ºC to equilibrium freezing temperature 
at 0 ºC in Fig. 5 c.  Highly branched ice dendrites were formed during the rapid crystal 
recalescence, which in turn increased the interfacial energy of the system (Figure 3.8 b).  
The highly curved interface of solid and liquid became unstable during the slow 
crystallization stage after recalescence.  Consequently, the highly branched crystals 
formed during recalescence became more round and coarsened to reduce interfacial 
curvature and interfacial energy during the slow crystallization stage.  Meanwhile, as the 
temperature continuously decreased, constant extraction of the latent heat of fusion led to 
further crystallization and the need to reduce interfacial energy further drove crystal 
coarsening (Figure 3.8 c).  As a result, a large final crystal size was achieved by freezing 
the suspension at a lower rate.  When solid and liquid co-existed over a long period of 
time, coarsening was enhanced during the solid-liquid transformation (Figure 3.8 d).  
This can be acquired by adjusting the final freezing temperature to which the freeze dryer 
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chamber was cooled.  Larger pores were observed in scaffold prepared at higher final 
freezing temperatures where heat extraction rate from the solution was slower and a 
longer freezing time was needed [34-36].  However, in the current study, the pore size 
obtained under a final freezing temperature of -25 ºC was similar to that of -40 ºC.  This 
discrepancy might due to the fact that the change in freezing rate at those two different 
final freeze temperatures is smaller comparing to those reported in literature, so it did not 
result in obvious microstructure differences among the scaffolds studied.    
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Figure 3.9 Schematic illustration of the growth of dendritic ice at different cooling rates.  
A1A4 and B1B4 are the direction of temperature gradient from the bottom of the petri-dish 
to the top.  TL-S is nucleation temperature.   is temperature change at the same location 
and  is ice front movement distance at a time interval of t1 and t2.  t1, t2, t3: time points, 
where t1<t2<t3.  ! is the inter-lamellae spacing of scaffold.  Panel a is for the lamellar 
structure formed at a faster cooling rate compared with panel b.  
Another intriguing result of our study is that the pore size in the equiaxed foam regime 
changed dramatically with the Col-Ap ratio in the suspension as shown in Table 3.1.  
Furthermore, ice crystal coarsening depends on the transport of mineralized fibers and 
energy from the interface of one crystal to the interface of another crystal.  The porosity 
decreased when apatite content in the scaffold increased from 18% to 54% due to higher 
solid loading density in Col-Ap-54 and Col-Ap-35 compared to that in Col-Ap-18.  At a 
higher solid loading density, more transport is required to move solid from the interface 
of one crystal to the interface of another crystal and coarsening is retarded.  Smaller ice 
crystals were formed in Col-Ap-54, resulting in scaffolds with smaller mean pore size. 
At a fast cooling rate under unidirectional heat flux, a dendritic structured scaffold with 
aligned pores was created (Figure 3.9).  In the lamellar regime, ice nucleated at the 
bottom wall of the mold and grew along the direction of heat flux.  Our experimental 
setup allowed close control over both the thermal gradient and ice front velocity.  In 
contrast to the equiaxed freezing regime, the lamellar freezing behavior is analysed based 
on a steady-state freezing regime.  The initial ice crystals demonstrated a random ordered 
structure in the area close to the cold finger where spontaneous nucleation at multiple 
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sites was followed by rapid growth of ice crystals.  With the movement of ice front in the 
direction of the maximum temperature gradient, the crystals with preferred growth 
direction aligned along the direction of heat extraction direction were selected for 
continued growth.  At increasing distance from the chill plate the number of grains in a 
cross-section decreases and the orientation of the surviving grains was more aligned with 
the heat extraction direction.  The most favorable orientation for ice growth was the 
preferred dendrite direction.  To reduce the surface energy in the system, some of the 
arms became unstable and melt away while others continued to grow.  For a given 
system, the heat transfer efficiency is determined by the temperature gradient [54].  The 
temperate gradient is steeper at a faster cooling rate (e.g. 9.1 ºC/min).  In Figure 3.9,  is 
the cooling rate,  is temperature change at the same location of 
time interval of t1 and t2.  At a fixed position, a large  was observed in panel a.  is 
ice front velocity and is ice front movement distance at a time 
interval of t1 and t2.  As a result, ice front velocity  and ice front movement distance 
are large in panel a.  The inter-lamellae spacing of scaffold (!) is determined by the 
magnitude of constitutional supercooling, which is the degree of temperature difference 
of the suspension ahead of the freezing front below its equilibrium freezing temperature 
[53-55].  The cooling rate could be monitored to control the freezing rate  and 
thereby adjust the inter-lamellae spacing [40-44].  At a faster cooling rate, the freezing 
rate is also higher.  Thus, the resulting scaffold has a relatively dense structure with 
narrow inter-lamellae spacing. 
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In summary, the present paper is the first report of mechanism of ice nucleation and 
growth in Col-Ap suspension under both non-unidirectional and unidirectional 
temperature gradients.  At a slow cooling rate, isotropic equiaxed pore structure is formed 
because the suspension temperature is almost identical throughout the entire suspension 
during freezing [34].  The crystal growth and coarsening are controlled by the rate of heat 
extraction and solid diffusion.  In contrast, a high cooling rate produces a predominant 
direction of heat extraction which leads to the formation of an anisotropic columnar 
structure in the heat flow direction.  It has been found that the velocity of ice front 
movement is proportional to the cooling rate.  The rate of ice crystal growth depends on 
the heat extraction rate, which in turn determines the inter-lamellae spacing of the 
lamellar scaffold [28, 54, 55]. 
3.4.3 Suitability for bone repair 
The aim of the present study was to prepare a Col-Ap scaffold mimicking the 
composition and structure of natural bone for bone repair and regeneration.  Natural bone 
has a complex hierarchical structure comprised of mineralized collagen fibers, which 
were aligned and assembled to form into a highly ordered structure [10, 56].  Our Col-Ap 
scaffold was also comprised of hierarchically organized collagen fibers and poorly 
crystalline apatite crystals mimicking the microstructure of natural bone (Figure 3.3).  
The osteoblastic response of the scaffold is largely affected by its pore size and pore 
shape.  On one hand, small pores may result in a large surface area, which can facilitate 
cell adhesion.  On the other hand, large pores could improve cell permeability, but may 
sacrifice mechanical properties of the scaffold [35, 36].  However, there is little 
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consensus about the ideal pore size for bone regeneration.  Some researchers found that 
the optimal pore size for bone ingrowth is in the range of 100-350 !m while others 
suggested that optimal pore size should be in the range of 300-500 !m [57-59].  
Nevertheless, it is commonly agreed that the pore size smaller than 50 !m may impede 
the cell migration and long-term vascular ingrowth, whereas pore size larger than 1000 
!m may not provide a high enough surface area for cells to attach to [60-62].  In the 
equiaxed regime, average pore size of the scaffolds was ranged from 69.1 to 118.9 µm.  
In the lamellar regime, the scaffolds had an inter-lamellar spacing ranging from 7.2 to 
110.4 µm.  The distance of consecutive lamellae in cortical bone is only 1 to 7 µm, which 
is narrower than that found in our scaffold [63].  However, relatively large distance 
between two consecutive lamellae is needed for cell migration and nutrient/waste 
transportation.  In addition, our Col-Ap scaffold possesses interconnected pores with a 
porosity more than 90%, which is sufficient for osteoblast cells ingrowth and migration 
[27].  
Our previous results have demonstrated that lamellar scaffold is osteoconductive [39].  In 
this study, we found that our equiaxed Col-Ap-35 scaffold is capable of repairing the 
non-union defect within four weeks, indicating that it has great potential in tissue 
engineering application.  A separate manuscript is under preparation, which studied the 
effect of apatite content in scaffold on new bone formation in a mouse long-bone defect 
model.  It was found that the high apatite content (55% apatite) is more effectively in 
inducing new bone formation than the low apatite content (35% apatite) scaffold and pure 
collagen scaffold.  However, for the defects loaded with either composite scaffold + bone 
marrow stromal cells, the long-bone defect was more or less healed after 6 weeks of 
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implantation.  Further investigations will be carried out to establish the relationship 
between pore structure and bone formation capability of the scaffold, providing the 
necessary guidelines to tailor the structure to the actual bone repairing requirements. 
3.5 Conclusions 
A novel biomimetic fabrication technique has been developed successfully to prepare 
mineralized collagen fibers.  Combining the biomimetic approach with controllable 
freeze casting, a bone-like tissue engineering scaffold with adjustable composition and 
pore size was achieved.  It has been confirmed that such prepared Col-Ap scaffolds well 
supported bone repair at a mouse calvarial site.  This is the first paper that discussed the 
mechanisms of controllable freeze casting of Col-Ap suspension in-depth, and thereby 
established freezing regimes for achieving Col-Ap scaffolds with either an isotropic 
equiaxed structure or a unidirectional lamellar structure suitable for different tissue repair 
applications. 
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4. Biomimetic fabrication and freeze-casting of collagen-apatite hydrogels   
4.1 Introduction 
Natural bone, composed of organic and inorganic materials, exhibits a complicated 
hierarchical structure. Collagen is the major organic composition, which has a triple-
helical structure (known as tropocollagen) consisting of three peptide subunits. Each 
peptide comprises of repeat unit of Gly-X-Y[1].  X and Y can be any amino acids but are 
frequently proline and hydroxyproline, respectively.  In bone, tropocollagen molecules 
self-assemble into macro molecular collagen fibrils, which are further organized into 
fibers or bundles of collagen fibers [2].  Apatite plates with nanometer dimensions are 
embedded within the collagen fibrils and aligned parallel to the long axis of the fibril [3].   
Collagen-apatite tissue engineering scaffolds mimick the composition and structure of 
natural bone have attracted much attention of many researchers.  Collagen has good cell 
signaling property and excellent tensile strength [4, 5].  Collagen hydrogels fabricated by 
self-assembling collagen molecules have been applied for tissue engineering applications 
[6-9]. The mechanism of collagen fibrillogenesis process has been widely studied.  It was 
found that the structure of collagen network is closely associated with solution pH, 
temperature, collagen concentration and ionic strength [10-16].  Apatite is known for its 
high compression resistance and good biocompatibility [17, 18].  Col-Ap composites 
have been prepared by direct mixing of collagen and apatite mineral crystals or co-
precipitation of apatite during collagen fibrillogenesis [19-22].  While the conventional 
mixing or co-precipitation methods have been successfully in preparing composites with 
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a similar composition to natural bone, they have failed to maintain the structural integrity 
of collagen matrix [23].  The fibers length was limited to a few hundred micrometers 
[24].  An emerging technique is the biomimetic technique, which precisely controls 
complex hierarchical materials from the molecular scale to macro scale [25].  Recently, 
simulated body fluid (SBF), a chemical solution mimicking the inorganic composition of 
body fluid plasma, and modified simulated body fluid (m-SBF) with salt ion 
concentrations slightly different from SBF, has been introduced to biomineralize collagen 
fibrils [26-28].  Using this approach, an apatite coating was formed by immersing 
collagen matrix into SBF solution.  However, apatite crystals fail to penetrate into 
collagen network to form a hierarchical bone-like structure.  
In the current study, a novel method combining self-assembling of collagen molecules 
with simultaneous biomimetic mineralization in m-SBF was developed to prepare 
collagen hydrogels reinforced by apatite nano-particles.  The viscoelasticity and structure 
of Col-Ap hydrogels were investigated using rheometer and confocal reflective 
microscope.  The effect of temperature on the diameter of collagen fibers and pore size of 
hydrogels was also studied.   To the best of our knowledge, this is the first report of a 
mineralized collagen hydrogel prepared by a biomimetic gelation method in m-SBF 
containing collagen molecules.  
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4.2 Materials and methods 
4.2.1 Preparation of Col-Ap hydrogel 
Biomimetic Col-Ap hydrogel was synthesized using a collagen containing m-SBF.  The 
m-SBF was prepared as reported previously [30].  The concentration of collagen in m-
SBF was adjusted to 2 g/L to achieve apatite content of 35 wt% in the scaffold.  The pH 
of the m-SBF solution was adjusted to 7 by addition of HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) and NaOH.  The Col-Ap gel was prepared using a two-
step process and the resulting hydrogel was named as Col-Ap-25 ºC+40 ºC  Briefly, the 
solution was incubated in a sealed vial at 25 ºC for 1 hr, and the temperature was then 
increased at a rate of 0.5 ºC/min to 40 ºC and remained at 40 ºC for 22.5 hr.  To 
investigate the effect of temperature on the hydrogel structure, Col-Ap hydrogels were 
prepared at a temperature of 25 ºC, 25 ºC+40 ºC, and 40 ºC.  The as-prepared hydrogels 
were named as Col-Ap-25 and Col-Ap-40, respectively.  Pure Collagen hydrogel was 
prepared by adjusting the pH value of collagen solution (2 g/L) to 7 and incubated at 25 
ºC for 1 hr and then 40 ºC.  
The Col-Ap-25 ºC+40 ºC hydrogel was placed on a flat substrate and allowed to undergo 
unconfined self-compression at room temperature for 20 minutes.  The initial weight of 
the hydrated Col-Ap hydrogel was recorded and the weight of hydrogel during self-
compression was also monitored over time.  The fraction of water loss was calculated. 
The compressed Col-Ap-25 ºC+40 ºC gel in a custom-made mold was placed in a 
chamber pre-cooled to -25 ºC.  The frozen hydrogel was then lyophilized in a freeze 
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dryer (Free Zone®, Labconco, USA.  The freeze-dried scaffolds were subsequently 
cross-linked with 1 wt% N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) 
hydrochloride for 24 hr.  The scaffolds were then rinsed thoroughly in distilled water, 
followed by 5% glycine solution, rinsed again with distilled water, and finally freeze-
dried for the second time.  
4.2.2 Characterization 
To observe the distribution of apatite crystals throughout Col-Ap hydrogels, a small 
amount of the Col-Ap-25 ºC+40 ºC prepared from collagen-containing m-SBF at a 
concentration of 2 g/L was placed on a copper mesh and observed using transmission 
electron microscopy (TEM, JEOL JEM-2010) at an accelerating voltage of 120 kV.  To 
visualize the morphology of collagen fibers, the Col-Ap-25, Col-Ap-25 ºC+40 ºC and 
Col-A-40 were fixed with formalin, dehydrated stepwise in ethanol and then critical point 
dried.  The morphology of dry hydrogels was observed using field emission scanning 
electron microscopy (FESEM, JEOL JSM-6335F) at 5 kV. The dehydrated Col-Ap-25 
ºC+40 ºC was also embedded in Araldite for ultrathin sectioning.  Thin sections of 70 nm 
were obtained and deposited onto copper grids and observed using TEM.  The surface 
morphology of the freeze-dried Col-Ap-25 ºC+40 ºC was also imaged using FESEM.  
Thermogravimetric analysis (TGA) was carried out to determine the amount of apatite in 
the freeze-dried Col-Ap hydrogels.  The samples with a weight of 20 mg were studied 
using a TG analyzer (TGA-1000, Rheometric Scientific) and the measurements were 
recorded from 30 to 1000 ºC with a heating rate of 10 ºC/min in air. 
To investigate the microstructure of hydrogels, Col-Ap hydrogels were polymerized at 
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different temperatures on coverglasses and imaged using confocal reflectance microscopy 
(CRM).  In brief, CRM images were recorded with an inverted confocal laser scanning 
microscope (Olympus Fluoview 300) equipped with a 60 x, 1.4 NA oil immersion lens 
(Nikon).  An argon ion laser at 488 nm was used to illuminate the samples, and the 
reflected light was detected with photomultiplier tube detectors.  The diameter of 
mineralized collagen fibers and pore size of Col-Ap hydrogels were determined from 20 
confocal reflection images.  Twenty-five measurements were taken randomly in each 
image and then the mean diameter and pore size were calculated.  
4.2.3 Rheological measurements 
In situ time sweep was conducted on Col-Ap gels on an ARG2 rheometer (TA 
instruments) in a cuvette at a given frequency of 0.5 Hz with a controlled strain of 0.5%.  
In all cases, 19.2 ml m-SBF containing 2 g/L and 4 g/L collagen respectively was 
adjusted to pH=7 and then added to a cuvette. The viscoelastic parameters (storage 
modulus G’ and loss modulus G’’) were measured as a function of time under three 
temperature conditions: 25 ºC, 25 ºC + 40 ºC, and 40 ºC.  The time-sweep measurements 
were run for a time period of 24 hr. 
4.2.4 Mechanical test 
The uniaxial tensile test was performed on DMA 2980 Dynamic Mechanical Analyzer 
(TA instrument Inc., New Castle, DE).  Freeze-dried pure collagen hydrogels and freeze-
dried Col-Ap-25 ºC+40 ºC were tested (n=4).  For each group of scaffolds, four samples 
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were cut into strips (15 mm x 5 mm) with a thickness of 0.5 mm.  The tensile modulus 
was calculated from the slope of the stress-strain curve over a strain range of 5-10 %. 
4.3 Results 
4.3.1 Viscoelastic property of Col-Ap hydrogels 
 
Figure 4.1 Rheological behavior of Col-Ap hydrogels prepared in m-SBF with a collagen 
concentration of 2g/L (a) and 4 g/L (b), respectively.  The viscoelasticity property was 
monitored by measuring the time dependence of the elastic (G’) and viscous modulus 
(G”) of Col-Ap hydrogels: Col-Ap-25 (black), Col-Ap-25 ºC+40 ºC (green) and Col-Ap-
40 (red). 
Effect of gelation temperature and collagen concentration in m-SBF on the viscoelastic 
behavior of Col-Ap hydrogels was studied by measuring the time dependence of storage 
modulus and loss modulus (Figure 4.1).  For Col-Ap hydrogel prepared at a fixed 
collagen concentration but different temperatures, both moduli increased rapidly at the 
initial stage until reaching the first plateau.  Increasing the gelation temperature 
accelerated the rate to reach the plateau.  At t> 200 min, G’ and G’’ are nearly constant 
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and G’ is about 20 times larger than G’’.  The Col-Ap-40 hydrogel exhibits the lowest 
modulus and a clear phase separation as shown in Figure 4.2 a.  The highest modulus was 
observed in Col-Ap-25 ºC+40 ºC hydrogel after the temperature increased from 25 to 40 
ºC.  Moreover, the gel modulus is increased by the addition of apatite and collagen 
concentration (Table 4.1).  
 
Temperature 
ºC 
Collagen 
concentration 
(g/L) 
Apatite content 
wt% 
G’ 
(Pa) 
G’’ 
(Pa) 
25 ºC+40 ºC 2 0 103 10.2 
25 2 35 292.3 14.3 
25 ºC+40 ºC 2 35 537.7 23.12 
40 2 35 319 15.09 
25 4 18 782.2 40.86 
25 ºC+40 ºC 4 18 1456 65.02 
40 4 18 1225 67.97 
 
Table 4.1 Elastic moduli (G’) and viscous moduli (G’’) of collagen hydrogel and Col-Ap 
hydrogels. 
4.3.2 Morphology and stability of Col-Ap hydrogels 
 
Figure 4.2 Image of Col-Ap-25 (a1), Col-Ap-25 ºC+40 ºC (a2) and Col-Ap-40  (a3). 
Measurement of water loss vs time of Col-Ap-25 ºC+40 ºC hydrogel during the self-
compression test (b).  
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Figure 4.3 Water loss in Col-Ap-25 ºC+40 ºC hydrogel with time during the self-
compression process. 
The hydrogel is opaque, which consists of both water and mineralized collagen fibers 
(Figure 4.2).  The Col-Ap hydrogel collapses under its own weight after removing from 
the mold (self-compression process).  To study the stability of Col-Ap hydrogel, the 
microstructural changes during self-compression was studied in the form of water loss 
with the evolution of time (Figure 4.3).  A continuous mass loss was observed during the 
unconfined self-compression process.  Therefore, the density of mineralized collagen 
fiber is time-dependent during the self-compression process.   
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Figure 4.4 Confocal reflectance images (a&b) and FESEM images (c) of Col-Ap-25 
(column 1), Col-Ap-25 ºC+40 ºC (column 2) and Col-Ap-40 (column 3).   FESEM 
images were taken on critical-point-dried Col-Ap hydrogels.  
The effect of temperature on morphology of hydrogels is shown in Figure 4.4.  Col-Ap 
hydrogels are comprised of interconnected mineralized collagen fibers (Figure 4.5).  
Compared to Col-Ap-25 and Col-Ap-25 ºC+40 ºC, smaller pore size and thinner collagen 
fibers are observed in Col-Ap-40.  The overall microstructures of Col-Ap-25 and Col-Ap-
25 ºC+40 ºC are similar.  Collagen fiber bundles formed by fusion of small collagen 
fibrils are observed in Figure 4.4 c (red arrow).  Quantitative analyses based on confocal 
reflection images show that the diameter of fiber bundles in Col-Ap-25 (0.67±0.15 µm) 
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and Col-Ap-25 ºC+40 ºC (0.66±0.08 µm) is bigger than that of Col-Ap-40 (0.37±0.06 
µm) as shown in Figure 4.6. Apatite nano-particles (red circle) disperse homogenously 
throughout the collagen matrix in Figure 4.4 c. 
 
Figure 4.5 Representative 3D reconstructed confocal reflection image of Col-Ap-25 
ºC+40 ºC  hydrogel. 
 
Figure 4.6 Effect of temperatures on the diameter of collagen fibers and pore size of Col-
Ap hydrogels (*P<0.05). 
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4.3.3 Morphology and mechanical property of freeze-dried Col-Ap hydrogels 
 
 
Figure 4.7 TEM sections of Col-Ap-25 ºC+40 ºC hydrogels (a) and freeze-dried Col-Ap-
25 ºC+40 ºC  self-compressed for 20 minutes (b).  
Individual collagen fibril with a diameter of ~ 50 nm is seen in Figure 4.7 a.  The lateral 
aggregation of a few mineralized collagen fibrils was also observed in fresh Col-Ap-25 
ºC+40 ºC  hydrogel.  The density of mineralized collagen fibers is increased substantially 
after self-compression and freeze-drying.  Collagen fibrils are aligned to organize into 
bundles of collagen fibrils as shown in Figure 4.7 b.   Figures 4.8 a&b exhibit the pore 
structure of freeze-dried and self-compressed Col-Ap-25 ºC+40 ºC.  The freeze-dried 
hydrogel shows a 3-D porous structure consisting of co-aligned macro- and submicro-
pores.  The diffraction pattern in Figure 4.8 d exhibits typical ring pattern of low 
crystalline apatite structure. The needle-shaped apatite crystals disperse uniformly 
throughout collagen matrix (Figure 4.8 c).  
  
120 
 
 
Figure 4.8 FESEM images of freeze-dried Col-Ap-25 ºC+40 ºC exhibits aligned macro-
pores (a) and sub-micro pores (b). TEM image of Col-Ap-25 ºC+40 ºC precipitates 
demonstrates needle-like crystallites (c); High magnification of selected area electron 
diffraction patterns of mineralized collagen fibrils (d).  
 
Sample 
Young’s modulus 
(MPa) 
Tensile strength 
(MPa) 
Freeze-dried 
collagen 
180 ± 91 10 ± 3.3 
Freeze-dried 
Col-Ap-25 ºC+40 ºC 
3298 ± 901 64 ± 3.1 
 
Table 4.2 Tensile test of freeze-dried collagen hydrogels and freeze-dried Col-Ap-25 
ºC+40 ºC 
Table 4.2 summarizes the effect of apatite nano-particles on the tensile strength of 
collagen network.  It was found that addition of apatite increases the Young’s modulus 
and tensile strength of freeze-dried collagen hydrogel.  Young’s modulus of freeze-dried 
Col-Ap-25 ºC+40 ºC is eighteen times as high as that of the freeze-dried of collagen 
hydrogel. 
 0.2 µm  
a c d b 
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4.4 Discussion 
In the present study, a novel biomimetic method involving self-assembling and in-situ 
mineralization of collagen molecules has been developed to prepared apatite nano-
particles reinforced collagen hydrogels reinforced with apatite nano-particles.  The 
microstructures of Col-Ap hydrogels were characterized by confocal reflection 
microscope and rheometer.  The gelation temperature was carefully controlled to tailor 
the thickness of collagen fibers and pore size of Col-Ap hydrogels.  The self-compressed 
and freeze-dried Col-Ap composite hydrogels maintain the structural integrity of collagen 
network while its mechanical strength is greatly reinforced by apatite nano-particles.   
The structure and rheology of collagen hydrogel have been studied extensively [12].  
However, the rheology of mineralized collagen networks remains unknown.  To the best 
of our knowledge, this is the first paper investigating the rheological behavior of collagen 
fibrillogenesis in m-SBF. In the current study, we studied the evolution of mineralized 
collagen fiber diameter as a function of m-SBF temperature.  Ffibrillogenesis of collagen 
molecules in m-SBF is induced by increasing the pH value of collagen solution to 
neutral.  A two-step process involving gelation at 25 ºC and then soaking at 40 ºC was 
applied to increase the thickness of collagen fiber bundles and control the pore size of 
hydrogels.  The effect of temperature on the microstructure of collagen hydrogels has 
been studied previously [29].  Gelation of collagen can be divided into two steps: 
nucleation and sol-gel transition [6].  Initially, branched collagen clusters started to 
precipitate in solution.  The clusters were then connected into a network during a sol-gel 
transition process.  The thickness of collagen fibers is closely related to the temperature 
of the nucleation step.  Thinner fibers are formed at high temperatures.  In the current 
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study, the confocal reflection microscopy reveals that varying the incubation temperature 
affects the morphology of mineralized collagen network.  The results are consistent with 
earlier studies suggesting that the simultaneous mineralization of collagen fibrils do not 
disturb the collagen self-assembly process [29].     
The collagen hydrogel was successfully mineralized in m-SBF. SBF is a solution 
containing supersaturated calcium and phosphate ions [30].  Apatite crystals were formed 
simultaneously with the assembly of triple helical collagen molecules.  Apatite nano-
particles were embedded inside the collagen matrix (Figure 4.8 c). 
The density of mineralized collagen network was increased using a self-compression 
process and freeze-drying technique [7].  The lateral aggregation of mineralized collagen 
fibrils was enhanced greatly as shown Figure 4.7.   The self-compressed and freeze-dried 
mineralized collagen hydrogel exhibited improved Young’s modulus and tensile strength 
compared to freeze-dried collagen hydrogel.   
4.5 Conclusions 
The current study reported a method combing self-assembly of collagen molecules with 
in-situ mineralization to prepare Col-Ap hydrogels in which collagen hydrogels were 
reinforced by apatite nanao-particles.  A novel two temperature process involving 
gelation at 25 ºC and then 40 ºC was applied to increase the diameter of mineralized 
collagen fibers.  It was found that the morphology of mineralized of collagen fibers and 
pore size of hydrogel are related with temperature.   Further, the addition of apatite nano-
particles to collagen matrix via biomimetic gelation method resulted in eighteen times 
increase in Young’s modulus.   
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5.  A Biomimetic collagen-apatite scaffold with a multi-level lamellar structure for 
bone tissue engineering  
5.1 Introduction: 
In recent years, bone tissue engineering involving a scaffold, cells and biological signals 
has attracted widespread attention and represents a promising approach for the repair and 
regeneration of damaged bone [1].  A porous scaffold serves as a vehicle for bioactive 
molecules to adhere to, and a 3-D matrix for cells to attach, proliferate and differentiate. 
It plays a critical role in directing new bone formation [2-4].  An ideal scaffold should 
possess a 3-D structure with interconnected pores to facilitate cellular activities such as 
vascularization and transport of nutrients and metabolic waste while maintaining 
sufficient mechanical strength to support cell adhesion and physiological loading.  In 
addition, the scaffold should have a suitable surface chemistry and morphology to 
promote cell colonization and a controllable degradation rate concurrent with new bone 
ingrowth [5].  Existing artificial scaffolds have limitations such as low permeability, 
weak mechanical strength and poor osteointegration, therefore, the need to develop an 
ideal scaffold is still urgent. 
Concerning the selection of scaffold materials, collagen, a major component of 
extracellular matrix (ECM), has attracted the attention of many researchers because of its 
abundance, low antigenicity and excellent cell signaling properties [6-9].  The main 
limitation of reconstituted collagen scaffolds has been related to their low mechanical 
strength and fast degradation rate [10].  Studies have demonstrated that the stiffness of 
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collagen matrix is directly related to collagen fibrillar density and fibrillogenesis.  
Techniques based on plastic compression have been developed to expel the fluid within 
the precipitates thereby increasing the fibrillar density of scaffold [8, 11-18].  The 
kinetics of collagen fibrillogenesis are carefully controlled by pH, temperature and 
collagen concentration in order to form collagen bundles with increased diameter, which 
also contributes significantly to the improvement of scaffold mechanical strength [19].  
Dense collagen scaffolds mimicking the ECM fibrillar density and microstructure exhibit 
superior mechanical properties and excellent biocompatibility, which have a great 
potential to be used for tissue engineering applications, such as skin grafts, cornea 
epithelial reconstructs, and bone regeneration [11, 13, 14, 20].   
Another possible approach to overcome the mechanical limits and tailor the degradation 
rate of the scaffold is the addition of apatite as an inorganic reinforcing component [21-
26].  The microstructure of the collagen-apatite (Col-Ap) composite, which is mainly 
referred to as the organization of the collagen fibers and crystal phase of apatite, plays an 
important role in early bone formation upon implantation [27, 28].  Recent studies have 
been focus on fabrication of Col-Ap scaffolds mimicking the hierarchical structure of 
bone at the different length scales.  The biomimetic fabrication approach involving the 
self-assembly of collagen fibers and in situ apatite precipitation has attracted the attention 
of many researchers.  Kikuki et al. prepared Col-Ap composites consisting of collagen 
fibers and apatite nano-particles by simultaneous titration of Ca(OH)2 suspension and a 
solution of H3PO4 and collagen [29].  As compared to scaffold prepared by physically 
mixing of collagen and apatite particles, co-precipitation can be used to control the 
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composition and nano-structure of the scaffold, although they may not completely 
recapitulate the 3-D construction the ECM in bone at the macro- and micro-scale [30].  
Other than composition and microstructure, the 3-D macro porous structure plays a key 
role in bone regeneration [31].  The freeze-drying technique consists of freezing an 
aqueous suspension followed by sublimation of the solidified phase has been used widely 
to obtain porous structures [7, 32-34].  The pore size and shape is controlled by the 
freezing rate and ice growth direction.  A scaffold fabricated under a non-directional and 
a slow freezing rate demonstrates isotropic, equiaxed porous structure [7].  In contrast, 
directional freezing could create columnar ice crystals with the major axis aligned in the 
direction of the predominant of heat transfer thereby producing scaffolds with a 
preferential pore orientation [34-36].  A porous structure is desirable to support the 
cellular activity while high porosity decreases the mechanical property of the scaffold.  A 
unidirectional aligned structure should maximize the mechanical strength along the pore 
direction [37].  Therefore, there has been significant progress in enhancing the 
mechanical strength of porous materials via the control of pore orientation. 
In the current study, we fabricated a mineralized collagen hydrogel using a simple 
biomimetic fabrication technique involving the use of modified simulated body fluid (m-
SBF) containing collagen.  SBF is a solution that has inorganic ion concentrations similar 
to those of human blood plasma.  Qu et al. developed a m-SBF solution with calcium and 
phosphate ion concentrations three times as high as those in the original SBF and the m-
SBF was used for the preparation of mineralized collagen fibrils [38, 39].  Then, we 
developed a novel method by combining the self-compression of mineralized collagen 
hydrogel and controllable freeze 
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 casting to fabricate a biomimetic Col-Ap hybrid scaffold for bone tissue regeneration.  
While attempts have been made to increase the mechanical stability of the composite 
hydrogel using plastic compression, the prepared scaffold usually exhibits a dense 
structure [11].  This is the first paper that demonstrates a 3-D macro porous scaffold 
while maintaining the biomimetic surface properties and bone-like structure at the micro-
scale.  Other unique properties of the scaffold include the control of the pore size and 
pore orientation over a wide range from submicro- to macro- dimensions.  
5. 2 Materials and methods 
5.2.1 Materials  
All chemicals were of high chemical grade.  Type I collagen was extracted from rat tails, 
purified based on the protocol reported by Rajan et al. [40].   
5.2.2 Preparation of freeze-dried Col-Ap hydrogel 
Biomimetic Col-Ap hydrogel was synthesized using a collagen containing m-SBF.  The 
m-SBF was prepared as reported previously [38, 39, 41].  The concentration of collagen 
in m-SBF was adjusted to 2 g/L to achieve apatite content of 35 wt% in the scaffold.  The 
pH of the m-SBF solution was adjusted to 7 by addition of HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) and NaOH.  The Col-Ap gel was prepared using a two 
temperature process.  Briefly, the solution was incubated in a sealed vial at 25 ºC for 1 hr, 
and the temperature was then increased at a rate of 0.5 ºC/min to 40 ºC and remained at 
40 ºC for 22.5 hr. 
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The Col-Ap hydrogel was allowed to undergo unconfined self-compression at room 
temperature for different time periods (5, 20 and 45 min).  Such prepared hydrogels were 
named as Col-Ap-x, with x representing the self-compressing time.  Then the Col-Ap gel 
in a custom-made mold was placed in a chamber pre-cooled to -25 ºC.  The frozen 
hydrogel was then lyophilized in a freeze dryer (Labconco).  The freeze-dried scaffolds 
were subsequently cross-linked with 1 wt% N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC) hydrochloride for 24 h.  The scaffolds were then rinsed 
thoroughly in distilled water, followed by 5% glycine solution, rinsed again with distilled 
water, and finally freeze-dried for the second time.  To investigate the effect of freezing 
temperature on the pore structure, Col-Ap-20 hydrogel was frozen unidirectionally at 
three freezing temperatures:  -25 ºC, -80 ºC and -196ºC.  Moreover, Col-Ap-20 was 
frozen non-unidirectionally at a constant cooling rate of 0.4 ºC/min from room 
temperature to -25 ºC.  As a control, Col-Ap scaffold with an equiaxed structure was 
prepared [42].  Briefly, Col-Ap precipitates were prepared using m-SBF containing 2 g/L 
collagen under constant stirring.  The precipitates were collected, centrifuged and then 
frozen at a constant cooling rate of 0.4 ºC/min from room temperature to -25 ºC.  The 
scaffold was then freeze-dried, cross-linked by EDC, and then rinsed by glycine solution 
and distilled water.   
5.2.3 Characterization 
A small amount of the Col-Ap hydrogel from m-SBF containing collagen at a 
concentration of 2 g/L was placed on a copper mesh and observed using transmission 
electron microscopy (JEOL JEM-2010) at an accelerating voltage of 120 kV.  The 
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hydrogel was fixed with formalin, dehydrated stepwise in ethanol and then observed 
using field emission scanning electron microscopy (JEOL JSM-6335F) at 5 kV.  The 
surface morphology of the freeze-dried Col-Ap scaffold was also imaged using FESEM.  
Pure collagen and Col-Ap composite scaffold were examined using Fourier-transform 
infrared spectroscopy (Perkin Elmer) in an absorption mode in the range 4000-500 cm-1 
at a resolution of 4 cm-1 with an average of 32 scans.  X-ray diffraction (BRUKER AXS 
D5005) was also performed on collagen and the Col-Ap scaffold at a step size of 0.02° 
and a scan rate of 1 °/min with CuK! radiation ("=1.54056 nm).  Thermogravimetric 
analysis (TGA) was carried out to determine the amount of apatite in the Col-Ap 
scaffolds.  The scaffolds with a weight of 20 mg were studied using a TG analyzer (TGA-
1000, Rheometric Scientific) and the measurements were recorded from 30 to 1000 ºC 
with a heating rate of 10 ºC/min in air.  To enable X-ray tomography, scaffolds were 
stained with 1% (w/v) iodine in 100% ethanol overnight [43].  Scaffolds were then 
clamped and placed on the instrument stage (MicroXCT-400, Xradia).  1500 views were 
acquired at an angle of -103˚ to 103˚ with an exposure time of 4 s, source power of 8 W, 
a voltage of 55 kV and a 20 x objective.  Tomography images were reconstructed with 
XM Reconstructor (Xradia) and viewed with the 3-D viewer plugin for NIH ImageJ. 
The lamellar spacing and lamellar thickness were determined from 20 FESEM images of 
cross-sections in the plane parallel to the direction of freezing.  Twenty-five 
measurements were taken randomly in each image and then the mean interlamellar 
spacing was calculated.  The porosity of the scaffolds was calculated by the gravimetry 
approach [44].  The densities used for collagen and apatite were 1.32 and 3.16 g/cm3, 
respectively.   
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5.2.4 Mechanical test 
Unconfined compression tests were performed on dry scaffolds using a DMA 2980 
Dynamic Mechanical Analyzer (TA instrument Inc., New Castle, DE).  For each group of 
scaffolds, four cubic specimens, 4 mm in diameter and 4 mm thick, were cut at different 
locations in the scaffold.  All compression tests were performed both perpendicular and 
parallel to the plane of pore orientation at a uniform stress rate of 0.5 N/min up to a 
maximum stress of 18 N.  The compression modulus was calculated for each 
compression test from the slope of the linear elastic regime at which the stiffness was 
reduced by 3% from the maximum stiffness.  The uniaxial tensile test was also performed 
on DMA 2980 (n=4).  The samples were cut into strips (15 mm x 5 mm) with a thickness 
of 0.5 mm.  The tensile modulus was calculated from the slope of the stress-strain curve 
over a strain range of 5-10 %. 
5.2.5 Cell culture  
MC3T3-E1 osteoblast cells were cultured in DMEM containing 4.5g/L glucose, L-
glutamine and sodium pyruvate (Cellgro 10-013-CV, Corning) supplemented with 10 % 
FBS (Corning) and 1 % penicillin-streptomycin (Corning).  Frozen cells were expanded 
and trypsinized (Corning) before seeding each scaffold with one million cells in 15 !L of 
culture medium.  Cells were allowed to settle for 30 min before adding an additional 1 
mL of culture medium.  Seeded constructs were maintained in a humidified incubator at 
37 °C and 5% CO2 with daily medium changes.  DNA content was examined at one and 
four days after seeding (n=3) by freezing scaffolds in lysis buffer containing 10 mM tris-
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HCl, 0.1% Triton X-100, 1 mM EDTA and 0.4 mg/mL proteinase-K (Invitrogen).  
Samples were then thawed and the solution was held overnight at 55 °C to activate 
proteinase-K digestion of the collagenous phase of the scaffold. The concentration of 
DNA in the resulting solution was measured with a fluorescent probe (Picogreen, 
Invitrogen) and plate reader (Synergy H1, BioTek).  Cell seeded scaffolds after one day 
of incubation were also examined in 3D with 2-photon microscopy (Ultima IV, Prairie 
Technologies).  First, scaffolds were fixed in 10 % formalin, permeabilized with 0.1 % 
Triton X-100 in PBS, and stained with Hoescht (Invitrogen) and Rhodamine-Phalloidin 
(Invitrogen). Then scaffolds were cut in half and imaged both in cross-section and from a 
top view. Image stacks were viewed with NIH ImageJ. 
5.2.6 Statistical analysis 
Results are presented as mean ± standard deviation.  Statistically significant differences 
were determined by paired t-test.  Statistical significance was accepted at p < 0.05. 
5.3 Results 
5.3.1 Characterization of microstructures 
 
  
135 
Figure 5.1 FESEM image of hydrogel prepared at 25 ºC for 1 hr and then 40 ºC for 22.5 
hr dehydrated by ethanol solution and then super critical point dried. 
The scaffold was prepared by freeze casting of a mineralized collagen hydrogel as shown 
in Figure 5.2.  The hydrogel exhibits an opaque structure consisting of water and 
mineralized collagen fibers.  The sample in Figure 5.2 was prepared by an ethanol 
dehydration and critical pointing drying technique, which preserves the fibrils 
morphology in the hydrogel.  It shows that the hydrogel constitutes of an inter-woven 
network of long and mineralized collagen fibers.  The length of collagen fibers ranges 
from micrometer scale to centimeter scale.  The diameter of single collagen fiber is 
approximately 100 nm and collagen bundles formed by fusion of collagen fibers were 
observed.  The large void space between the collagen fibers was filled by water at the 
hydrogel stage, indicating the collagen hydrogel is mainly made up with water.  
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Figure 5.2 FESEM images of a scaffold prepared by freezing Col-Ap-20 hydrogel uni-
directionally at -25 ºC (a, c-e), microCT image of 3D reconstruction of the Col-Ap 
scaffold (b), TEM image of Col-Ap precipitates demonstrating needle-like apatite 
crystallites throughout the cross-section of collagen fibers (f), high magnification of 
selected area electron diffraction patterns exhibiting typical ring pattern of low crystalline 
apatite structure (g). (The Miller indices for each corresponding ring are labeled in 
brackets) 
The scaffold exhibits a unique multi-level lamellar structure in which micro and macro 
pores were co-aligned (Figure 5.2).  At the macro-structure level, the freeze-dried 
hydrogel consists of unidirectional macro-pores throughout the entire scaffold (Figure 5.2 
a&b).  At the micro and sub-micro-structure level, each lamellae is comprised of aligned 
micro-lamellae with a thickness of several hundred nanometers (Figure 5.2 c).  Moreover, 
the surface is biomimetic consisting of hierarchical organized mineralized bundles 
(Figure 5.3 d & e).  The typical collagen banding pattern was observed in the SEM image 
at a high magnification (Figure 5.3 e).  TEM image of Col-Ap hydrogel shows that 
typical needle-like prism-shaped apatite crystals with about 10 nm in width and 50-100 
nm in length were formed throughout the cross-section of collagen fibers, similar to those 
found in natural bone [45].  The electron diffraction pattern exhibits typical rings of low 
crystalline apatite structure (Figure 5.3 g). In natural bone, the apatite also demonstrates 
low crystallinity. 
Figure 5. 3 a shows the FT-IR spectra obtained from collagen and freeze-dried Col-Ap-20 
scaffold.  The broad band at 3500 cm-1 is associated with absorption of water in the 
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scaffold.  The peak around 1670 cm-1 arises from the C=O stretch of amide I, while those 
at 1540 cm-1 and 1200 cm-1 arise from N-H deformation of amide II and C-N stretch of 
amide III, respectively.  The band at 1630 cm-1 corresponds to the O-H vibration 
overlapping with the peak of amide I.  In the Col-Ap scaffold, the bands between 500 and 
600 cm-1 are due to the anti-symmetric bending vibration of the PO43- groups.  Bands in 
the region 1200-965 cm-1 were identified as the stretching vibrations of the PO43- groups.  
The carbonate peak at 875 cm-1 suggests the formation of carbonated apatite, which is 
similar to the mineral composition in nature bone [38]. 
 
Figure 5.3 FT-IR (a) and XRD (b) of collagen and freeze dried Col-Ap-20 scaffold.  
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Figure 5.3 b shows XRD patterns of pure collagen and the Col-Ap scaffold.  A broad 
diffused peak at about 20° was attributed to collagen.  In the Col-Ap scaffold, the major 
peak at 2!=31.8-32.2° corresponds to an overlap of three major planes (211), (112) and 
(300) of apatite.  The diffraction peak was broad, implying that the apatite in Col-Ap 
scaffold is poorly crystallized.   
5.3.2 Control of pore structure 
5.3.2.1 Effect of compression time 
Figure 5.4 FESEM images of cross-section parallel to the freezing direction of scaffolds 
fabricated by freezing Col-Ap hydrogel at a freezing temperature of -25 ºC but with a 
compression time of 5 min (a), 20 min (b) and 45 min (c), respectively.   
The Col-Ap hydrogel contains a large volume of water.  As a result, the collagen 
hydrogel compresses under its own weight, squeezing out water.  This process is called 
self-compression [17, 18].  After gel was removed from the vial, a continuous mass loss 
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due to water expulsion was observed.  By leaving the gel in the air for five, 20 and 45 
minutes, the collagen fibrillar density in the gel reached 2.2, 3.9 and 5.5 g/L, respectively 
(Table 5.1).  Figure 5.4 shows FESEM images of scaffolds obtained by freezing Col-Ap 
gel at a freezing temperature of -25 ºC but at different self-compression times.  With an 
increase of self-compression time from five min to 45 min, lamellar spacing decreased 
from 344±33 !m to 143±40 !m and wall thickness increased from 3.6±1.0 !m to 
23.2±10.2 !m (Table 1).  Col-Ap scaffolds prepared using Col-Ap gels with a higher 
collagen concentration (5.5 g/L) exhibits larger lamellae thickness (23.2 !m) compared 
with those (3.6 !m and 7.8 !m) prepared using Col-Ap gels with lower collagen 
concentrations (2.2 g/L and 3. 6 g/L).   
 
Hydrogel Compression 
time (min) 
Collagen 
fibrillar 
density  (g/ml) 
Lamellar 
spacing ± SD 
(µm) 
Wall thickness ± 
SD 
(µm) 
Col-Ap-5 5 2.2 344±32.7       3.6 ± 1.0 
Col-Ap-20 20 3.9    173±45.4 *       7.8 ± 1.2* 
Col-Ap-45 45 5.5    143±40.1 *  23 ± 10 * #   
Table 5.1 Pore structure of Col-Ap scaffolds prepared by freezing of Col-Ap-x hydrogels 
unidirecionally at -25 ºC.  *Significantly different from Col-Ap-5 scaffold; # 
Significantly different from Col-Ap-20 scaffold (p<0.05). 
5.3.2.2 Effect of freezing conditions 
As shown in Figure 5.5, the Col-Ap scaffold prepared by unidirectional freezing of Col-
Ap-20 hydrogel exhibits anisotropic pore structure in which pores are aligned along the 
direction of ice growth.  The image of scaffold prepared by unidirectional freezing of 
Col-Ap-20 hydrogel at -196 ºC is not shown.  With a decrease of freezing temperature 
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from -20 to -196 ºC, a decrease of lamellar spacing from 173 µm to less than 63.8 µm 
was observed (Table 5.2).  The wall thickness was not significantly different in three 
scaffolds prepared by freezing Col-Ap-20 at different freezing temperatures.  In contrast, 
the pore structure of Col-Ap scaffold fabricated by freezing the hydrogel non-
directionally seems less anisotropic.  More connections between two adjacent lamellae 
were observed.  
 
Figure 5.5  FESEM images of cross-section parallel to the freezing direction of Col-Ap 
scaffold fabricated by freezing the Col-Ap-20 hydrogel unidirectionally at -80 ºC (a); 
FESEM images of scaffold fabricated by freezing the Col-Ap-20 hydrogel non-
directionally at -25 ºC (b).  
Freezing 
temperature (ºC) 
Freezing method Lamellar spacing ± 
SD (µm) 
Wall thickness ± 
SD 
(µm) 
-20 unidirectional 173 ± 45.3 7.8 ± 1.2 
-80 unidirectional     146 ± 41.5  * 8.2 ± 1.9 
-196 unidirectional     63.8 ± 32.1  * 6.4 ± 2.1 
-20 Non-unidirectional  142 ± 59.7 7.2 ± 1.4 
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Table 5.2 Pore structure of Col-Ap scaffold fabricated by freezing Col-Ap-20 under 
different freezing temperatures. *Significantly different from Col-Ap-5 scaffold; # 
Significantly different from scaffold prepared by unidirectionally freezing of Col-Ap-20 
hydrogel (p<0.05). 
5.3.3 Mechanical property of Col-Ap scaffolds 
To investigate the effect of pore structure and fiber morphology on mechanical properties 
of the scaffold, unconfined compression and tensile tests were conducted on both 
scaffolds with multi-level lamellar pores (Lamellar Scaffold) and with equiaxed pores 
(Cellular Scaffold).  The stress-strain behavior of Lamellar Scaffold and Cellular Scaffold 
under unconfined compression is shown in Figure 5.6.  For the Lamellar Scaffold, the 
compression modulus in the direction of lamellae was 20 fold higher compared to that in 
the direction perpendicular to lamellae (Table 5.3).  In the direction of lamellae, the stress 
increased gradually with the strain until a plateau was reached.   After the plateau, the 
stress increased sharply.  In contrast, in the direction perpendicular to lamellae, no 
plateau was observed.  The stress-strain behavior of scaffold with equiaxed pore structure 
is isotropic.  There is no significantly difference between the compression modulus of 
Cellular Scaffold in two testing directions.  The compression modulus of Lamellar 
Scaffold along the pore direction is two times the magnitude of that of Cellular Scaffold.  
A linear relationship between tensile stress and strain was observed in both Lamellar 
Scaffold and Cellular Scaffold (Figure 5. 7).  The Young’s modulus of Lamellar Scaffold 
(3298 MPa) is twelve times as high as that of Cellular Scaffold (265.0 MPa) as shown in 
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Table 4.  Moreover, the Lamellar Scaffold exhibits higher tensile strength and strain at 
failure compared to those of the Cellular Scaffold.  
Sample Apatite 
content 
wt% 
Freezing 
condition 
Porosity 
% 
Lamellar 
spacing 
or pore 
size 
(µm) 
Compression 
modulus 
(MPa)-
parallel to the 
lamellae 
Compression 
modulus 
(MPa)- 
perpendicular 
to the 
lamellae 
Lamellar 
Scaffold 
35 -25 ºC, 
unidirectionally  
94 ± 5.8 173 ± 
45.4 
36.4 ± 10.0 1.87 ± 0.32 * 
Cellular 
Scaffold 
35 -25 ºC, 
nondirectionally  
92 ± 4.7 82.3 
±15.1 
18.0 ± 1.72  # 17.4 ± 3.35 # 
 
Table 5.3 Compressive modulus of Lamellar Scaffold and Cellular Scaffold. 
*Significantly different from compression modulus-parallel to the lamellae; # 
Significantly different from Lamellar Scaffold (p<0.05).   (n=4)  
Sample 
Young’s 
modulus 
(MPa) 
Tensile 
strength 
(MPa) 
Tensile strain 
(%) 
Lamellar 
Scaffold  
    3298 ± 901.4     64 ± 3.1         2.5 ± 0.6 
Cellular 
Scaffold 
    265.0 ± 36.13  # 3.4 ± 1.4  # 0.7 ± 0.1  # 
Table 5.4 Tensile test results of Lamellar scaffold and Cellular Scaffold.  # Significantly 
different from Lamellar Scaffold (p<0.05).  (n=4) 
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Figure 5.6  Representative unconfined compressive stress-strain curves of Col-Ap 
scaffolds. 
Figure 5.7 Representative stress-strain curve under uniaxial tensile strength. 
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5.3.4 Cell attachment in scaffolds 
 
Figure 5.8 Two-photon images of MC3T3-E1 on the Lamellar Scaffold.  Images were 
taken in the direction perpendicular to the pore direction (a) and along the pore direction 
(b).  
The morphology of MC3T3-E1 osteoblast cells on the Lamellar Scaffold is shown in 
Figure 5.8.  The cells are attached to the both scaffold.  Moreover, they are well spread 
throughout the Lamellar Scaffold (Figure 5.8).  Cells appear to be elongated at the 
micrometer scale (Figure 5.8 a2).  Figure 5.9 summarizes cell attachment on both 
scaffold types.  At day one, approximately 17% of the original cells remain attached to 
the Lamellar Scaffold, while about 7% of the seeded cells are attached to the Cellular 
Scaffold.  However, there is no significant difference in cell number between Lamellar 
Scaffold and Cellular Scaffold at day one.  At day four, cell number remains constant on 
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both scaffold types.  Due to reduced standard deviation, the cell number on the Lamellar 
Scaffold becomes significantly higher than that on the Cellular Scaffold.   
 
Figure 5.9 Cell number in the Lamellar Scaffold and the Cellular Scaffold at day one and 
day four.   
5.4 Discussion  
The present study provides a simple method to prepare a biomimetic Col-Ap scaffold 
with a multi-level lamellar structure for bone tissue engineering.  The procedure is based 
on a biomimetic fabrication technique using m-SBF containing both inorganic ions and 
collagen molecules.  The Col-Ap hydrogel consisting of inter-connected mineralized 
collagen fibers with great structural integrity are formed.  With a strategy of combining 
time-dependent self-compression with controllable unidirectional freezing, we are able to 
achieve a 3-D porous structure consisting of co-aligned micro and macro lamellar pores.  
The scaffold with a multi-level lamellar structure exhibits greater tensile strength and 
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higher compression strength in the direction of lamellae compared to scaffold with 
equiaxed porous structure. 
Meanwhile, we report a biomimetic approach to synthesize mineralized collagen 
hydrogel using m-SBF containing collagen.  Compared to conventional co-precipitation 
method, this novel biomimetic approach is easy to operate and able to preserve the 
structural integrity of collagen fibers.  In conventional co-precipitation method, constant 
stirring is necessary to enhance the diffusion of calcium and phosphate ions and facilitate 
precipitation of apatite [26, 29].   The fiber length is usually at the micrometer scale [29].   
Mineralized fibers are then collected by centrifugation and cross-linked by covalent 
bonds in the later freeze drying and chemical crosslinking process [46].  Here, a novel 
biomimetic approach is reported to prepare a mineralized collagen hydrogel, which is the 
basic building block of our Col-Ap scaffold.  Collagen was added to m-SBF and its 
concentration was adjusted to prepare Col-Ap hydrogel with different apatite: collagen 
ratios [42].  The kinetic of collagen fibrillogenesis and mineralization is simply 
controlled by initial pH, and temperature in a static m-SBF solution.  Initially, 
neutralization of the pH and increase of temperature triggers the assembly of triple-
helical collagen molecules into collagen fibrils and in situ precipitation of apatite onto the 
collagen matrix. Using this two-temperature process, the diameter of collagen fiber 
bundles is also increased, which may further strengthen the collagen matrix [19].  The 
XRD and FTIR results prove that the scaffold contains poorly crystalline carbonate 
apatite resembling the biological apatite in bone [11].  The apatite particles disperse 
homogenously throughout the collagen matrix (Figure 5.1 c) without interfering with the 
collagen triple helical structure and the structural integrity.    
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Figure 5.10 Schematic illustration of the technique used for the preparation of prepare 
lamellar Col-Ap scaffold. C0: initial collagen concentration in the hydrogel; Ct: collagen 
concentration in the hydrogel after self-compression for a certain period of time (t);  Cf: 
collagen concentration in the frozen gel.  A1A2 shows the direction of heat flux that is 
from the external of the mold to the center of Col-Ap hydrogel.  
A possible mechanism of multi-level lamellar geometry is shown in Figure 5.10.  The co-
alignment of micro- and macro pores may be attributed to the combined effect of self-
gravity driven compression and lyophilization.  Fresh hydrogel with a soft texture is 
mechanically unstable after removal from the sample vial.  The compression force 
applied by self-gravity raises the chemical potential of water inside the hydrogel [15].  As 
a result, water was exuded from the gel and the resulting collagen density (Ct) of the Col-
Ap hydrogel is time-dependent (Figure 5.10 a & b).  During the above unconfined self-
compression process, the fluid within the scaffold leave the surface of each lamella 
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inducing a shear strength, which leads to the alignment of mineralized collagen fibrils 
within the compacted lamellar scaffold [15].  This simple self-compression method 
increases the fibrillar concentration thereby improving the mechanical strength of 
hydrogel.  On the other hand, it creates a series of stacked micro-lamellae aligned in the 
transverse direction.  
To control the orientation and size of macro pores, unidirectional freezing under different 
freezing rates has been applied in a house-made mold as shown in Figure 5.10 c.  
Compressed hydrogel with a fibrillar concentration of Ct is frozen in the mold aiming to 
control the temperature gradient in the transverse direction.  The ice front, identified as 
solid-liquid interface, propagates along the direction of heat flux radially from the outer 
surface towards the center region (along A1 to A2 direction as shown in Figure 5.10).  
The mineralized collagen fibrils are pushed by the advancing ice front therefore the Col-
Ap concentration in the diminishing liquid increases to a higher concentration (Cf) [33].  
Meanwhile, shear stress applied by ice front on the network of hydrogel further increases 
the degree of the alignment of nanolayers in each lamella.  The dendritic surface 
topography in the solidification direction confirms that aligned macro pores are created 
by freezing the hydrogel at unidirectional direction (Figure 5.10 c).  The spacing between 
two adjacent lamellae depends on the degree of supercooling, which is described as the 
difference between the ice front temperature and the equilibrium temperature.   In this 
study, the freezing temperature was varied to tailor the degree of supercooling [34].  
When the freezing temperature was decreased from -25 to -196 ºC, the average lamellar 
spacing was decreased from 173 to 63.8 µm.  In contrast, under slow and unidirectional 
freezing conditions, more connections between two adjacent lamellae were formed (Fig. 
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6 b).  The pores became more round as the hydrogel was frozen under no preferred 
direction and coarsening was enhanced under a slow freezing rate.   
It is reported that increased collagen concentration in the hydrogel generates a 
microenvironment more favorable to mineral deposition [9].  Vigier et al. reported that 
increased new bone formation was observed in collagen matrix with high fibrillar density 
in vivo [20].  However, these studies on compression induced high fibrillar density were 
focus on 2-D dense film with a thickness of a few hundred micrometers.  Limitations are 
nevertheless encountered in the case of a 3-D scaffold, because it requires a combination 
of biomimetic surface morphology to maintain a high affinity with cells, sufficient 
mechanical strength to support new bone formation and the preservation of the 3-D 
porous structure to facilitate the transportation of cells, nutrient and metabolic waste.  
Here, we report a scaffold with a multi-level lamellar porous structure and biomimetic 
surface.   The surface is comprised of hierarchically organized mineralized collagen fiber 
bundles.  Enhanced cell attachment was observed on the surface of this novel scaffold.  
Moreover, improved mechanical strength was also found in scaffolds with a multi-level 
lamellar structure.  Harley et al. reported that the compression modulus is increased 
linearly with decreased porosity [47].  However, the geometry effect of pore structure and 
collagen fibrillogenesis on the compression modulus and Young’s modulus remain 
unclear.  It has been found that the Young’s modulus and compression modulus are 
maximized along the oriented pore direction in the scaffold with a multi-level lamellar 
structure.  The scaffold with multi-level lamellar structure exhibits a stress-strain 
response similar to that of cancellous bone [48].  In cancellous bone, the compression 
curve is demonstrated as an initial linear region followed by a plateau.  The plateau 
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indicated that the scaffold struts started to collapse.  Then the load increased 
exponentially when the structure started to be compacted.  The compression modulus of 
the scaffold with lamellar pore structure along the pore direction is two times the 
magnitude compared to scaffold with conventional equiaxed pore structure.  The Young’s 
modulus of scaffold with multi-level lamellar structure is twelve times the magnitude of 
scaffold as equiaxed pore structure.   
Hierarchically organized materials are attracting much attention because increased level 
of organization offers highly active surface area and improved mechanical properties.  To 
the best of our knowledge, this is the first report of using a hierarchical process to 
engineer three dimensional tissue engineering scaffolds from nano meter scale to 
millimeter scale.  At the nanometer scale, the scaffold is comprised of mineralized 
collagen fiber bundles similar to natural bone.  Moreover, the nano and submicro features 
of the scaffold consisting of hierarchical aligned submicro-pores, leading to improved 
permeability of oxygen and nutrients and faster removal of metabolic waste compared to 
conventional uniaxial pore structure or equiaxed pore structure because of the presence of 
additional porosity in each lamella.  It was reported that one major challenge in the 
development of bone scaffolds has been the limitation of cell migration and tissue 
ingrowth attributed to the insufficient oxygen and nutrient supply. We anticipate that this 
structure can be used to better facilitate cell viability that may result in improved bone 
regeneration.  At the macro level, the Col-Ap scaffolds have unidirectional pores with a 
size from 64 to 344 µm, which is sufficient for cell migration and vascularization [49].  
The future work will be in vivo testing this scaffold as a bone tissue engineering implant. 
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5.5 Conclusions 
A method was developed to prepare a biomimetic Col-Ap scaffold with a multi-level 
lamellar structure for bone tissue regeneration.  A mineralized collagen hydrogel 
consisting of bone-like mineralized fiber bundles was prepared by a simple 
biomineralization technique using collagen containing m-SBF.  A multi-level lamellar 
structure consisting of co-aligned micro and macro pores was developed by combining a 
time-dependent self-compression process with controllable freeze casting.  Aligned pores 
with a size ranging 64 to 344 µm were created by controlling the freezing conditions.  
The thickness of each lamella comprised of aligned micro lamellae could be adjusted in 
the range of 3.6 to 23.2 µm depending on the self-compression time.  The bone-like 
microstructure and multi-level lamellar porous structure resulted in a twelve-fold increase 
in Young’s modulus and a two-fold increase in compression modulus along the aligned 
direction compared to conventional scaffold with equiaxed pore structure.  Moreover, this 
lamellar scaffold supports osteoblast attachment and spreading in vitro.  Therefore, with 
its inherent hierarchical biomimetic structure and improved anisotropic mechanical 
strength, this scaffold has a great potential to be used in bone tissue engineering 
applications.  
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6. Conclusions and future directions 
The objective of the current study was to prepare biomimetic Col-Ap composites for 
tissue engineering.  In this dissertation, a Col-Ap composite coating was successfully 
deposited on treated Ti6Al4V surface by co-precipitation of type I collagen and 
apatite in a collagen-containing modified simulated body fluid.  The coating was a 
composite of bone-like carbonated apatite and collagen type I, which is similar to the 
composition of natural bone.  The coating composition and morphology could be 
tailored by carefully adjusting the collagen concentration in the m-SBF.  In addition, 
both the coating thickness and bonding strength were down regulated by the collagen 
concentration in the m-SBF.  Collagen inhibited the apatite nucleation on the metallic 
substrate, and thereby reduced the bonding strength of the composite coating.  In 
addition, an in vitro cell culture study was conducted on both the apatite and the 
collagen-apatite coating surfaces.  Addition of collagen promoted osteoblast 
activities, which may lead to early bone formation.  
In addition, we fabricated biomimetic Col-Ap scaffolds for improved bone repair and 
regeneration in this dissertation.  A novel method, which combines a biomimetic self-
assembly approach with a controllable freeze casting technology, was developed to form 
scaffolds with either an isotropic equiaxed structure or a unidirectional lamellar structure.  
The mineralized collagen fibers were generated using a simple one-step co-precipitation 
method which involves collagen self-assembly and in situ apatite precipitation in a 
collagen containing modified simulated body fluid.  The precipitates were subjected to 
controllable freeze casting, forming scaffolds porous structure. These scaffolds were 
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comprised of collagen fibers and bone-like poorly crystalline carbonated apatite 
nanoparticles.  The mineral content in the scaffold could be tailored in a range 0-54 wt% 
by simply adjusting the collagen content in the m-SBF.  Further, the mechanisms of the 
formation of both the equiaxed and the lamellar scaffolds were investigated, and freezing 
regimes for equiaxed and lamellar solidification was established.   The bone forming 
capability of such prepared scaffolds was evaluated in vivo in a mouse calvarial model.  It 
was proved that the scaffolds well support new bone formation.    
A Col-Ap scaffold with a unique multi-level lamellar structure consisting of co-
aligned micro and macro lamellar pores was also developed in this dissertation. 
The basic building blocks of this scaffold are bone-like mineralized collagen fibers 
developed via a biomimetic self-assembly process in a collagen-containing 
modified simulated body fluid.  This biomimetic method preserves the structural 
integrity and great tensile strength of collagen by reinforcing the collagen hydrogel 
with apatite nano-particles.  Unidirectional aligned macro pores with a size of 63.8 
to 344 µm are created by controlling the freezing rate and direction. Furthermore, 
the multi-level lamellar structure has led to a twelve-fold increase in Young's 
modulus and a two-fold increase in the compression modulus along the aligned 
direction compared to a scaffold of the same composition with an isotropic 
equiaxed pore structure. Moreover, this novel lamellar scaffold supports the 
attachment and spreading of MC3T3-E1osteoblasts.  Therefore, owing to the 
biomimetic composition, tunable structure, improved mechanical strength, and 
good biocompatibility of this novel scaffold, it has great potential to be used in 
bone tissue engineering applications. 
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It is believed that scaffolds which closely mimic the structure of natural bone may be a 
promising candidate for bone repair and regeneration.  Biomimetic approaches have 
demonstrated great potential in fabrication of Col-Ap composites for tissue engineering 
applications.  Progresses have been made to fabricate a bone-like hierarchical structure. 
So far, biomimetic Col-Ap scaffolds have demonstrated promising outcomes for potential 
bone tissue engineering applications.  Despite these successes, there are still many 
challenges remaining in the field: 1) limited mechanical properties of such prepared 
scaffolds, and 2) poor osteointegration in large defect repair.  Therefore, future studies 
may shift to the investigation of the potential to use mineralized collagen with long-range 
ordered structure for bone tissue engineering applications.  In addition, the effect of pore 
alignment and interconnectivity on new bone formation may be further explored.  A 
scaffold consisting of biomimetic mineralized collagen fibers and featured with an 
appropriate porous structure may enhance cellular activity and increase the bone-implant 
integration.  To further shorten the bone healing time and reduce patients’ rehabilitation 
time, the biomimetic Col-Ap scaffolds can also be loaded with magnetic particles, 
conductive agents or multiple growth factors to render them with multi-functionalities.   
In summary, the biomimetic Col-Ap scaffolds carry great potential in bone tissue 
engineering, but more studies need to be performed before they can play a critical 
effective role in bone tissue engineering. 
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